(Ste20-related proline alanine rich kinase) and OSR1 (oxidative stress responsive kinase) are members of the germinal center kinase VI subfamily of the mammalian Ste20 (Sterile20)-related protein kinase family. Although there are 30 enzymes in this protein kinase family, their conservation across the fungi, plant, and animal kingdom confirms their evolutionary importance. Already, a large volume of work has accumulated on the tissue distribution, binding partners, signaling cascades, and physiological roles of mammalian SPAK and OSR1 in multiple organ systems. After reviewing this basic information, we will examine newer studies that demonstrate the pathophysiological consequences to SPAK and/or OSR1 disruption, discuss the development and analysis of genetically engineered mouse models, and address the possible role these serine/threonine kinases might have in cancer proliferation and migration.
I. INTRODUCTION
Serine/threonine kinases are proteins that hydrolyze a nucleoside triphosphate (e.g., ATP) and transfer the inorganic phosphate to the side chain (R-groups) of serine and threonine residues. Two parameters that define a kinase are whether the catalytic domain is located in the amino-or carboxy-terminal portion and the mechanism of regulation. Seven major categories of protein kinase regulation include subcellular localization, binding of non-protein ligands, phosphorylation inside and outside of the activation loop, protein-protein binding, protein accumulation, and dephosphorylation (246) . Approximately 2% of all eukaryotic genes encode protein kinases, making them one of the largest protein families (173) . The Sterile 20 (Ste20)-related kinases are a relatively large family of proteins conserved across fungi, plant, and animal kingdoms (25) . This review will focus on the molecular characteristics and physiological roles of two mammalian members of the germinal center kinase (GCK) VI subfamily of Ste20-related kinases, SPAK (Ste20/SPS1-related proline-alanine rich kinase) and OSR1 (oxidative stress-responsive kinase).
II. OVERVIEW OF MAMMALIAN STE20-RELATED KINASES
There are currently 30 enzymes in the mammalian Ste20-related protein kinase family, subdivided into the p21 activated kinases (PAKs) which have a 3= or carboxy-terminal catalytic domain, and the GCKs which have a 5= or aminoterminal catalytic domain (FIG. 1, TABLE 1 , and Refs. 25, 49) . In addition to having a 3= catalytic domain, PAKs have a conserved amino-terminal Cdc42/Rac interactive binding (CRIB) domain, and an autoinhibitory mechanism involving the catalytic and CRIB domains (119, 152, 288) . Although present in multiple organ systems, PAKs are highly expressed in brain, muscle, and spleen and regulate multiple cellular processes (e.g., cytoskeletal rearrangement, energy homeostasis, cell transformation, and cancer invasiveness).
The eight subgroups of the GCKs are based on their localization, structure, and function (see Refs. 49, 56 for reviews). The mitogen-activated protein kinases (MAPKs) within the GCK-I subgroup participate in signaling cascades to regulate a diverse array of physiological processes (for extensive reviews, see Refs. 31, 308) . The mammalian Ste20-related kinases (Mst1/Mst2) in GCK-II promote the programmed cell death (apoptotic) pathway when activated by oxidative stress (157, 165) . Mst1 also negatively regulates cardiac myocyte hypertrophy through phosphorylation of another serine/threonine kinase Lats2 (177) . There are two additional Mst kinases (Mst3/Mst4), however, because these do not possess the autoinhibitory and dimerization domains found in Mst1/Mst2; they form a third subgroup of Ste20-related kinases, GCK-III. Mst3 in-hibits cell migration and regulates cell cycle progression (170, 265) . Mst4 also influences cell growth and transformation (163) and affects cytoskeletal rearrangement, morphogenesis, and apoptosis through MAPK signaling cascades (171) . A third member of GCK-III is the Ste20 oxidant stress response kinase (SOK1), which localizes to the Golgi apparatus, and participates in a signaling pathway to regulate cell migration and polarization (198) .
NF-B-inducing kinase (NIK), NIK-related kinase (NRK),
Traf and Nck-interacting kinase (TNIK), and mishappen/ NRK (MINK) are the four members of the GCK-IV subgroup highly expressed in cardiac and neural tissues (48, 86, 195, 268) . NIK and NRK are upstream activators of the MEKK1/MKK4/SAPK and MEKK1/MKK4/JNK signaling cascades, respectively (195) . TNIK, through an interaction with a small Rho GTPase, induces the disassembly of F-actin (273) . Lymphocyte-orientated kinase (LOK), a GCK-V subgroup member, is abundantly found in rapidly proliferating tissues (spleen, placenta, bone marrow) as well as brain, heart, skeletal muscle, colon, kidney, liver, lung, and small intestine. Although not known to trigger any MAPK signaling cascades, LOK does associate with polo-like kinase 1 and may affect cell cycle control (303) . Ste20-like kinase (SLK), the second GCK-V member, induces programmed cell death and has a role in cytoskeletal reorganization (34) . The four members of GCK-VI subgroup (SPAK, OSR1, STRAD␣, and STRAD␤) will be elaborated on in the next section. Myosin 3A (Myo3A) and myosin 3B (Myo3B) are unique and unconventional GCK-VII kinases as they have both an amino-terminal catalytic domain and a carboxy-terminal actin-based molecular motor. Whereas Myo3A is expressed in the retina, inner ear, pancreas, brain, and testis, Myo3B is only found in the retina, intestine, and testis (62) . Inactivating mutations in Myo3A result in nonsyndromic progressive hearing loss (302) . Finally, the TAO (thousand and one amino acid) kinases constitute the eighth GCK subgroup (GCK-VIII). These kinases are widely expressed in brain, heart, lung, kidney, liver, muscle, placenta, testis, prostate, and ovary. Many upstream signals of other kinases have no effect on the TAO kinases (333) . In vitro assays have demonstrated that of the five MEK kinases, only MEK3 and MEK4 are activated by TAO1 (127) . TAO1 may also affect the checkpoint function during metaphase-anaphase transition (64) . TAO2 activates several MEK kinases and stabilizes microtubules (37, 188) . TAO3 was initially named JNK inhibitory kinase because it diminished the response of the JNK/SAPK pathway to human EGF (278) .
A. STRAD ␣ and ␤ Pseudokinases
The genetic resemblance of the pseudokinase STRAD proteins places them close or within the GCK-VI subfamily (see the cluster dendrogram represented in FIGURE 1). Indeed, 90.3% of the catalytic domains of STRAD pseudokinases and SPAK/OSR1 are conserved. However, several key residues are not present in STRAD pseudokinases: 1) the conserved threonine residues in the activation segment of SPAK (see FIGURE 6A) ; 2) the aspartic acid (D204 in SPAK) residue belonging to the HRD motif in the catalytic loop that forms a hydrogen bond with the threonine residue in the P ϩ 1 loop (T247 in SPAK); 3) the Mg 2ϩ binding site with both the conserved aspartic acid (which typically coordinates two Mg 2ϩ ) and the conserved phenylalanine of the DFG motif (F223 in SPAK); 4) the critical amino-terminal lobe KE ion pair; 5) the catalytic lysine (K104 in SPAK) which interacts with the ␥ phosphate of ATP is lost in STRAD alpha; and 6) the conserved salt-bridge interacting glutamic acid (E121 in SPAK) is lost in STRAD beta. All of these changes in the conserved catalytic residues lining the active site were first thought to prevent nucleotide and Mg 2ϩ binding and render the STRAD proteins inactive.
However, recent structural studies have shown that pseudokinases are able to bind nucleotides in a regulated manner and allosterically regulate the protein kinases they interact with (see Perspective in Science Signaling, Ref. 233) . For example, STRAD interaction is critical for the catalytic domain activation of the tumor suppressor kinase LKB1 (334) . This occurs through a STRAD-LKB1 interaction that stabilizes the activation loop of LKB1 producing a conformational change allowing substrate binding. Normally, phosphorylation of the activation segment is necessary to trigger this rearrangement in protein kinases.
III. THE GCK-VI SUBFAMILY: SPAK AND OSR1

A. Molecular Discovery of SPAK and OSR1
Western blot analysis of rat brain tissue lysate with a monoclonal antibody targeted against poly(ADP-ribose)poly- Due to the similarity of the catalytic domain with the Ste20 protein kinases and the abundance of proline and alanine residues, this novel protein was also referred to as PASK (proline-alanine-rich Ste20-related kinase) (290) . Another novel gene, mapped to the short arm of human chromosome 3, encoded for a 527-amino acid protein with 39% identity to human Ste20/oxidant stress response kinase-1, or SOK1. Based on the possible involvement of this serine/ threonine kinase in an oxidative stress response, it was designated as oxidative-stress responsive gene 1 (OSR1) (276) . However, cloning of a mouse gene related to the Drosophila pair-rule gene odd-skipped (odd) was also designated Osr1 for odd-skipped related 1 (260) . As a result, the Human Genome Organization (HUGO) renamed the Ste20 oxidative-stress responsive kinase OXSR1. However, we will use the widely accepted OSR1 to describe the Ste20-related kinase throughout this review.
A novel kinase sequence with similarity to Ste20 serine/ threonine kinases was identified in rat pancreatic beta cells (53). Characterization of this kinase found a region of proline and alanine repeats (PAPA box) upstream of the catalytic domain in the amino terminus. In addition, a nuclear localization signal (RAKKVRR) homologous to the SV40 T antigen and a caspase cleavage motif (DEMD) were identified in the carboxy-terminal regulatory domain. Based on these characteristics, this protein was named SPAK (Ste20/ SPS1-related proline alanine-rich kinase) (130) . Amino acid comparison has shown that PASK and SPAK are in fact the same protein, and as the latter has the kinase family name first (i.e., Ste20/SPS1), this name has been used more consistently in subsequent studies (95, 175, 190, 224, 300) . Note also that the National Center for Biotechnology Information assigned the name STK39 to human SPAK, whereas OSR1 has yet to be assigned a related name. Overall, mammalian SPAK and OSR1 have 65-67% amino acid identity, with 89% identity in the catalytic domain (36, 224) . Alignment of the regulatory domain demonstrated two regions of similarity, designated PF1 (directly after the catalytic domain) and PF2 (terminal 90-amino acid residues) (36) .
B. Evolution
For a complete understanding of the mammalian Ste20-related kinases, SPAK and OSR1, it is important to review some of the characteristics of the Ste20 gene in Saccharomyces cerevisiae (yeast). The yeast proteome comprises 117 protein kinases that can be grouped into five major categories: 1) AGC, 2) CAMK, 3) CMGC, 4) Ste11/Ste20, and 5) Ste7/MEK. The kinases that cannot fit into these five categories are classified as atypical kinases (246) . The Ste11/ Ste20 group comprises 13 closely related proteins. Unrooted dendrograms constructed using only the catalytic domain amino acids of these 13 proteins with (FIGURE 2A) or without (FIGURE 2B) inclusion of Capsaspora owczarzaki OSR1 (this single cell protozoan being one of the oldest eukaryotes for which the kinase has been sequenced) dem- (58, 174) . Identification of OSR1 and SPAK as mammalian homologs to the yeast Ste20p serine/threonine kinase suggests that they may be involved in cell signaling (130, 276) . At last count, there were over 30 sequences of OSR1 (from protist to human) and 13 sequences of SPAK (2 birds and 11 mammals) reported in GenBank. SPAK is likely to have originated from gene duplication during vertebrate evolution, as only a subset of organisms that contain the OSR1 gene also have the SPAK gene (58) . Gene duplication arises from the unequal crossing over during meiosis between misaligned homologous chromosomes. With no selective pressure (i.e., deleterious mutations which effect the organism) on the second copy of the gene, mutations are free to accumulate, which may code for a novel function (279, 335) . In this case, however, the function of SPAK and OSR1 seems to be similar and possibly redundant in some cell types, whereas specific in others (see sect. VI). The appearance of 74 additional amino acids rich in proline and alanine residues (i.e., PAPA box) upstream of the catalytic domain is further evidence of a duplicated gene product having acquired novel characteristics. Although the removal of the PAPA box does not seem to affect SPAK activation of NKCC1 (95), it is still unknown if this proline/alanine-rich region confers specific novel properties to the kinase.
A BLAST search of the plant genome with the protozoan OSR1 sequence identified a protein kinase from the plant model organism Physcomitrella patens. Amino acid sequence alignment of the catalytic domain of this plant kinase with mouse, C. elegans, and protozoan OSR1 (FIGURE 3A) revealed a 54 -58% identity and 68 -73% homology between the plant and animal sequences, respectively (see FIGURE 3B ). This high degree of similarity suggests that this protein is related to proto-and metazoan OSR1. Even though the spatial arrangements of the catalytic and regulatory domains are conserved, the sequence of the regulatory domains is highly divergent, indicating that these kinases likely serve separate functions in plant and animal cells. Finally, a BLAST search of bacterial genomes (large biodiversity as represented in FIGURE 3C) with the protozoan and the plant OSR1 sequences failed to identify any common ancestral kinases.
C. Tissue Distribution
Original cloning papers reported wide tissue expression of SPAK and OSR1. Indeed, expression of a 3.7-kb mRNA in Northern blots of rat brain, salivary glands, thymus, heart, lung, spleen, stomach, small and large intestine, adrenal gland, kidney, testis, epididymis, ovary, and uterus were shown by probes created against the carboxy-terminal half of the SPAK/PASK coding region. Western blotting of rat and mouse tissue lysates with polyclonal antibodies against PASK/SPAK found similar protein distribution as observed with mRNA transcripts (130, 290) . In situ hybridization demonstrated SPAK expression in rat embryonic (E14-E15) choroid plexus, myocardium, mesonephron, and dorsal root ganglia. Distinct expression of SPAK was also observed in early pancreatic epithelium and developing gut tube (185) . OSR1 mRNA expression was found in lung, kidney, colon, thymus, heart, liver, spleen, skeletal muscle, ovary, leukocyte, small intestine, testis, prostate, placenta, brain, and pancreas (276) . Protein expression of OSR1 was found in the soluble, particulate, and nuclear fractions of heart, spleen, liver, kidney, lung, testis, small and large intestine, and stomach (36) .
Several studies have also examined the expression of SPAK and OSR1 using conjugated antibodies and immunohistological techniques. In the nervous system, the strongest SPAK immunofluorescent labeling was found in the apical membrane of epithelial choroid plexus cells, followed by cranial nerve nuclei in the brain stem (223, 290). Interestingly, apical localization was lost in choroid plexus isolated from NKCC1 knockout mice, indicating that the kinase is targeted to the membrane by the Na-K-2Cl cotransporter. SPAK is also expressed in both white and grey matter in the spinal cord and highly coexpressed with NKCC1 at the node of Ranvier (sciatic nerve) (223). Note that OSR1 was also found in the same CNS structures, but at a much lower abundance (223). Whether or not this represented a differential between the strength of antibodies is unknown. The same immunohistological studies have found high expression of SPAK in several Cl Ϫ -secreting epithelia: gastric gland, sublingual gland, and salivary gland (224, 290). Similar to the results found in choroid plexus, the expression of SPAK in salivary gland is colocalized on the basolateral membrane where NKCC1 is highly expressed. Multiple studies have also found SPAK and OSR1 colocalizing with the kidney-specific Na-K-2Cl cotransporter (NKCC2) in the thick ascending limb of Henle and with the Na-Cl cotransporter (NCC) in the distal convoluted tubule (164, 182, 327) . More details about renal expression of SPAK and OSR1 are provided in section VIE.
D. Genomic Organization and Isoforms
Mammalian genomic organization is considerably more complex with significant accumulation of repetitive elements and noncoding regions compared with the open genomes of unicellular fungi. In fact, only 1-2% of the mammalian genome encodes for proteins (296) . Although only 3 (1, 12, and 13) of the 18 exons of mouse SPAK (chromosome 2) and mouse OSR1 (chromosome 9) show significant size variations, comparison of the noncoding regions demonstrates that 11 of the 17 intronic regions have 2-to 10-fold differences in base pair size (see FIGURE 4). It is noteworthy that although intronic size variation differs between mouse SPAK and mouse OSR1, the size of introns between mouse and human SPAK and between mouse and human OSR1 is conserved. The catalytic domain is encoded by exons 1-9 and the regulatory domain by exons 10 -18. The PF1 and the PF2 regions are encoded by exons 9 -11 and exons 14 -18, respectively. The nonconserved portion of the regulatory domain is encoded by exons 12-13, coincidentally, one of the two regions with the greatest variation in exon size between SPAK and OSR1.
Different isoforms of a protein are translated from related genes (e.g., KCC2 and KCC3), whereas alternative splicing events within the same gene produce variants of the same protein isoform (e.g., KCC3a and KCC3b). In humans, 95% of multi-exonic genes are alternatively spliced, which greatly increases the biodiversity of proteins encoded by the genome (21, 214) . SPAK and OSR1 are considered protein isoforms because they are encoded by different genes, they perform similar functions, and they have small differences in their sequences. During the characterization of signaling pathways involved with intestinal inflammation, a novel SPAK variant was identified and cloned from human colon tissue (323) . Analysis of this colonic SPAK variant determined that it lacks the PAPA box upstream of the catalytic domain, as well as residues YELQEV that forms the first ␤ sheet, and the sixth alpha helix (␣F) located downstream of the Pϩ1 loop (FIGURE 5A). Absence of the PAPA box can be explained by the use of an internal donor site (alternative 5= splice junction) in exon 1, resulting in the shortening of the exon. This event, however, does not explain the presence of the last residue of the first exon (isoleucine) in the colonic isoform. Absence of the alpha helix F in the C-lobe as reported by Merlin and co-workers (323) is far more difficult to understand as it would involve early termination of exon 6, followed by splicing in the middle of exon 7 using nonconventional and unusual splice junction sequences. Rather than using the well-conserved exon/intron boundary: CAG gtaa, the colonic variant would utilize an unusual ATG gaac; and rather than using the well-conserved intron/exon boundary: ttttag G, the colonic variant would use nonconserved residues gccatt G. An important question is whether or not this unusual colonic variant with its missing domains is functional. Two pieces of evidence suggest that the PAPA box is not essential for kinase function. First, OSR1 is a functional kinase and, second, removal of the PAPA box from SPAK does not impair the binding and phosphorylation of downstream targets (e.g., NKCC1) (93). This does not, however, imply that the PAPA box has no role or function, just that its role is still currently unknown. The missing amino acids (YELQEV) that form the first ␤ sheet in the catalytic domain could disrupt the folding of the propeller-like structure of the N-lobe and impair kinase function. However, secondary structure modeling of the colonic SPAK variant shows that the first ␤ sheet can be formed by alternative residues (QQAPI, see FIGURE 5B), thus conserving the folding of the N-lobe. Likewise, the missing alpha helix (␣F) could potentially disrupt kinase function as a 17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1   700   600   500   400   300   200   100   0  17  16  15  14  13  12  11  10  9  8  7  6  5  4  3  2  1   7000   6000   5000   4000   3000   2000 
E. Genetically Altered Mouse Models
While large animals (e.g., rabbit, dog, and swine) are often preferred for physiological studies, the reproductive cycle, life span, and relative ease of genetic manipulation makes the mouse a very useful tool for investigating physiological systems. Several methodologies have been developed to create mice that do not express (knockout), overexpress (transgenic), and underexpress (hypomorph) proteins of interest, as well as create mice that express mutant forms of proteins (knock-in).
Currently, two SPAK knockout mice have been generated, one conventional (58) and one conditional (327) (see . Similar to the SPAK knock-in mouse, an OSR1 knock-in mouse has also been generated by replacing the wild-type exon 6 with an exon containing a T-loop threonine to alanine (T185A) mutation (see TABLE 2 ). Again, the knock-in of a nonfunctional OSR1 allele resulted in homozygous embryonic lethality (231) , indicating the necessity of OSR1 early in development as any type of genetic disruption results in a nonviable embryo.
IV. MOLECULAR CHARACTERISTICS OF SPAK AND OSR1
A. Structure and Domains of SPAK and OSR1
Protein domains are stable, compact, three-dimensional structures that fold autonomously (65, 222) . Organization of large proteins by structural domains accelerates the individual folding process and is the optimal solution for a large protein to keep hydrophilic residues at their surface while burying hydrophobic residues (106, 107) . Multiple domains provide flexibility leading to protein domain dynamics (27) . X-ray crystallography of the entire amino-terminal catalytic domain and the last 90 amino acids of the carboxy-terminal regulatory domain of mouse OSR1 have identified several secondary structures and interacting regions (see FIGURE 6A). The classic bi-lobal kinase fold of OSR1 has an amino-terminal lobe with five-stranded antiparallel ␤ sheets (␤1-␤5) (see FIGURE 6B) and a carboxyterminal lobe containing mostly ␣ helices (␣C-␣F) and three additional ␤ sheets (␤6 -␤8) (see FIGURE 6A; Refs. 156, 299) . The conserved lysine residue at the end of the ␤3 sheet is critical to the binding of an ATP molecule, and the aspartate-phenylalanine-glycine (DFG) sequence between ␤8 and ␣AL binds the Mg 2ϩ and positions the ATP molecule for phosphotransfer (1) . The DFG sequence also marks the beginning of the activation loop which contains the primary phosphothreonine residue (T243) targeted by WNK kinases (300) . There are three hydrophobic residues (F244, P248, and M251) located in the Pϩ1 loop between ␣AL and ␣EF, and one hydrophobic residue (L294) in the ␣G helix which together form the substrate pocket of the catalytic domain (93).
Crystallographic studies from the van Aalten and Goldsmith laboratories have demonstrated that the catalytic domains of two monomers of human OSR1 dimerize and swap activation segments (156, 299) . The domain-swapped region consists of the Pϩ1 loop and helix ␣EF (region highlighted in FIGURE 6A, or residues Phe186-Gly203 in human OSR1). Glycine residue 232 in the ␣AL subdomain and glycine residue 261 downstream of the ␣EF subdomain form the hinge points around the Pϩ1 loop and ␣EF subdomain (156) . Mutagenesis of the domain-swapped threonine residue within the Pϩ1 loop of SPAK into an alanine (mouse T247A; human T237A) robustly inhibited SPAK from phosphorylating and activating NKCC1 in Xenopus oocytes, indicating that domain swapping and trans-phosphorylation of this residue is vital to SPAK function (93).
Yeast-2-hybrid analysis showed protein-protein interaction between the last 97 amino acids of SPAK and the RFx[V/I] binding motif within KCC3 (224). To form crystals of the last 90 amino acids which comprise the conserved carboxyterminal PF2 domain of OSR1, the van Aalten laboratory included a GRFQVT peptide sequence found in WNK4. Analysis of the structure identified an elongated negatively charged primary pocket (interaction site of WNK4 peptide) and a secondary hydrophobic pocket (298) . Although no crystal structure of the entire kinase has been resolved, examination of full-length OSR1 by small angle X-ray scattering (SAXS) demonstrated an elongated shape in the absence of a WNK4 peptide, and a more compact molecule in the presence of a WNK4 peptide (299) . A quantitative surface plasmon resonance binding assay was used to evaluate the effect of site-directed mutagenesis on three groups of residues (bolded in FIGURE 6A) in the primary pocket that are important in the binding of the biotinylated RFxV peptide sequence of WNK4. The aspartic (D488) and glutamic (E496) acid residues form salt bridges with the peptide arginine residue. The phenylalanine (F481), leucine (L497), alanine (A499), and leucine (L502) residues form a hydrophobic pocket for the benzyl side chain of the peptide phenylalanine residue. We previously demonstrated that mutation of the phenylalanine residue in the RFxV peptide sequence was critical to SPAK recognition (94, 224). Here we show that mutation of F481 in the binding pocket into an alanine also results in loss of WNK4-SPAK activation of NKCC1 in Xenopus laevis oocytes (see FIGURE 7; unpublished data).
Interestingly, the WNK4 peptide used to stabilize the crystal structure of the PF2 domain of OSR1 contains a threonine residue right after the valine. A plasmon resonance-based binding assay revealed a significantly lower binding affinity between the phosphorylated WNK4 peptide (i.e., GRFXV-pT) and the primary pocket of OSR1. proteins. Asterisks highlight four phospho-threonines in the activation segment, one phospho-serine in the catalytic domain, and one additional phospho-serine in the PF1 domain, all phospho-residues that are part of SPAK activation. The PF2 domain is indicated by "quotations." Light pink boxes highlight four hydrophobic residues that form the hydrophobic substrate pocket or P ϩ 1 pocket. Key COOH-terminal residues participating in the binding of the target RFx[V/I] peptides are indicated by a bold font. B: schematic representation of the structure of SPAK. The secondary structure elements were drawn from a SWISS-MODEL-generated PDB file of SPAK catalytic domain based on the OSR1 crystal structure (PDB no.: 3DAK). Drawing was made using the Visual Molecular Dynamics software (University of Illinois). The ␣ helices and ␤ sheet are highlighted.
Additionally, this phosphorylated WNK4 peptide, when transfected to HEK293 cells, did not interact with endogenously expressed SPAK/OSR1 (298) . This suggests the possibility of regulating kinase-substrate interaction by phosphorylation of a residue in the interacting domain. This mechanism of regulation, either through autophosphorylation or by another kinase, has not yet been addressed in vivo. It is also important to note that this is relevant for some, but not all, binding partners of SPAK/ OSR1 (see FIGURE 8).
In 2008, we identified a region of the carboxy-terminal regulatory domain of WNK kinases that is homologous to the PF2 domain of SPAK/OSR1 (58) . Both this PF2-like region, and a second region of homology (PF2-like) are located proximal to the catalytic domain (FIGURE 9A). Modeling the WNK4 PF2-like region using SWISS-MODEL (Swiss Institute of Bioinformatics) and PDB v2s3 (chain A) of OSR1 as a template reveals very high structural similarity for the front halves of the two molecules (FIGURE 9B). In fact, with the molecular surface of the PF2-like region filled in and the PF2 residues drawn in licorice style, it is clear that the RFx[V/I] peptide perfectly fits into the hydrophobic pocket of WNK4 (see FIGURE 9B). However, as highlighted by all the residues drawn in licorice style, major differences between the structures are observed in the back halves of the two molecules (FIGURE 9C). Similar to the SPAK/OSR1 PF2, the structure of the WNK4 PF2-like domain consists of two conserved anti-parallel beta sheets (␤1 and ␤2) and two alpha helices (␣1 and ␣2), and the hydrophobic pocket is formed by residues of ␤2 and ␣1 (FIGURE 9D). Note that the two ␤ sheets are separated by a larger linker consisting of six amino acid residues (R-R-G-G-R-P). Another significant difference between the two structures is the absence of a bulky positive residue (Lys444) in the PF2-like structure, thus creating an additional small hydrophobic pocket (FIGURE 9B). The two negative charges interacting with the R1 arginine (mWNK4 Asp480 and Glu488), the four hydrophobic residues that accommodate the R2 phenylalanine (mWNK4 Phe473, Met489, Leu492, and Leu494) and the isoleucine that interacts with the R4 valine (mWNK4 Iso471) are all conserved (see FIGURE 9E). It is important to note that while there is some conservation between the second PF2-like region (PF2-like), the homology was not strong enough for SWISS-MODEL to provide a structure leaving the relevance of the PF2-like domain unknown. However, the possibility that the first PF2-like domain interacts with RFxV peptides has very significant consequences for our understanding of how Ste20-like and WNK kinases regulate ion transport mechanisms. First, the PF2 domain, or its most significant portion, is not unique to SPAK and OSR1 kinases, but also exists in all WNK kinases. Second, the identification of PF2-like motifs in proteins that contain RFxV peptides might provide a molecular mechanism by which proteins can regulate themselves. Indeed, the region proximal to the catalytic domain in WNK1 has been described as an autoinhibitory domain (315) . Third, it is also possible that an intramolecular interaction between RFxV peptides in WNK1 (see FIGURE 10) and the putative PF2-like domain contributes to kinase inhibition. Competition of this domain with the PF2 domain of SPAK/ OSR1 might not only anchor the two kinases, but also possibly relieve autoinhibition of WNK. Note that in WNK4, a RFTIQ motif is located at the end of the catalytic domain, not too far from the PF2-like domain (see FIGS. 9A and 10). Whether or not this specific motif interacts with the PF2-like domain is unknown. Finally, the existence of a PF2-like domain in WNK kinases raises the possibility that the kinases might interact directly with the amino-terminal tail of cation-chloride cotransporters. This is a significant observation, since this has the potential to put in question the kinase signaling cascade and their effects on modulating ion transport.
In FIGURE 6A, we have also highlighted three additional regions of interest in the PF1 domain. The first is a nuclear localization signal within the second predicted ␣ helix which might target the kinase to the nuclear membrane. Thus far, no functional role for a nuclear localization signal has been determined. The second is a tryptophan-glutamic acid-tryptophan sequence (WEF-like motif) located in the second predicted ␤ sheet, and which allows interaction with Cab39/MO25 (see below). The third region of interest is a putative caspase cleavage site (DEMD), located two residues downstream of the Cab39 binding site. TRAIL-induced cleavage was shown not to occur at this site, but at two downstream sites, leading to inactivation of SPAK and consequent increased cell sensitivity to apoptosis (228).
B. Binding Partners/Effectors
Many proteins interact with SPAK/OSR1 and might therefore be targets of these kinases. Small-scale yeast-2-hybrid with alanine scanning mutagenesis identified a 9-amino acid region necessary for interaction between SPAK and the amino-terminal domain of mouse K-Cl cotransporter isoform three (KCC3), and both Na-K-2Cl cotransporters (NKCCs)(224). The core of this region is an RFx[V/I] motif which fits into a pocket of the PF2 region of SPAK (223, 300). In a follow-up yeast-2-hybrid screen of a mouse library with the PF2 binding domain of SPAK (amino acids 461-556), our laboratory identified several additional proteins containing this RFx[V/I] motif (223).
Apoptosis-associated tyrosine kinase
Apoptosis-associated tyrosine kinase (AATYK) was first identified in apoptotic myeloid precursor cells cultured in granulocyte colony-stimulating factor (G-CSF) in the absence of interleukin (IL)-3 (101). Subsequent studies have found expression of this novel tyrosine kinase in non-apoptotic cells in all regions of the adult rat brain (e.g., olfactory bulb, forebrain, cortex, midbrain, cerebellum, and pons) (13, 232, 282) . AATYK appears to be localized to neuronal cytoplasm and to promote neuronal differentiation and neurite length (13, 232) . In addition to the original AATYK1A, a splice alternative (AATYK1B) and two new family members have been cloned (AATYK2 and AATYK3). Each of these new members has an extra amino-terminal region consisting of a signal peptidelike sequence and a transmembrane domain region (282, 285) . Whereas AATYK1A peripherally associates with the plasma membrane by palmitoylation, the three new family members all insert into the plasma membrane. Although AATYK2 distribution is apparently restricted to the soma, AATYK1 and AATYK3 are present in both neuronal soma and axons (285) . The expression of AATYK mRNA and protein was found to increase with postnatal brain development. Overexpression of wild-type AATYK in immature granule cells promoted neurite outgrowth, whereas a tyrosine kinase-defective mutant significantly inhibited outgrowth (284). In cultured cerebellar granule cells, low potassium concentrations result in apoptotic stimulation and a hyperphosphorylation of AATYK at specific serine residues. The regulation of AATYK phosphorylation is controlled by L-type voltage-dependent calcium channel-medi- ated Ca 2ϩ influx and Ca 2ϩ -dependent protein phosphatase activity (126, 283) . This observation was confirmed through the use of Ca 2ϩ channel antagonists and activators which resulted in hyper-and hypophosphorylation of AATYK, respectively (126) . Another yeast-2-hybrid screen of a human brain cDNA library with the Cdk5 activator p35 as a bait identified a fragment of AATYK, suggesting that the tyrosine kinase might be a novel Cdk5/p35 binding and substrate protein (122) . Knockout AATYK2 mice have been generated, and although the testicular somatic cells appear normal, the germ cells fail to differentiate into elongated spermatids resulting in infertile males (139) .
Yeast-2-hybrid analysis identified AATYK1 and AATYK3 as interactors of the PF2 domains of SPAK (223). Surprisingly, coexpression of AATYK with NKCC1 in Xenopus laevis oocytes abolished cotransporter activity to levels observed in the presence of the loop diuretic bumetanide. Confocal microscopy with an AATYK cDNA construct containing green fluorescent protein determined that the membrane trafficking of NKCC1 was not affected by AATYK. The catalytic activity of the tyrosine kinase was also not necessary for cotransporter inhibition (96). Yeast-2-hybrid and coimmunoprecipitation studies have demonstrated that SPAK and protein phosphatase 1 (PP1) both bind to AATYK. Additionally, the catalytic function of both SPAK and PP1 are necessary for activation/inhibition of NKCC1, respectively. Although PP1 can inhibit NKCC1 activity alone or in the presence of constitutively active SPAK, AATYK inhibition of the cotransporter was prevented by constitutively active kinase, suggesting PP1 both directly and indirectly regulates NKCC1 function (90, 96). Altogether, these studies have unmasked a novel regulatory pathway for NKCC1 as the amino terminus of the cotransporter also contains both SPAK and PP1 binding sites. These studies suggest that PP1 not only dephosphorylates and inactivates the cotransporter, but must also dephosphorylate and inactivate the Ste20-related kinase associated with the cotransporter (90, 96).
Gelsolin/cytoskeleton
An interesting observation from the Piechotta 2003 study was the interaction between gelsolin and SPAK (223). In fact, the initial identification of SPAK in pancreatic beta cells suggested that the nonconserved proline-alanine rich region which precedes the catalytic domain may allow the kinase to interact with cytoskeletal structures such as actin (130) . The Na-K-2Cl cotransporter, a target of SPAK/ OSR1 phosphorylation, has also been associated with F-actin cytoskeleton, and distribution/upregulation of the cotransporter could be blocked by the F-actin stabilizing drug phalloidin (50, 51, 178, 179) . Subsequent studies in eel intestinal epithelium demonstrated that regulation of NKCC1 involved both cytoskeleton interactions and protein phosphorylation events. Changes in ion transport in response to both hyper-and hypotonic stress required the integrity of both F-actin and microtubules (166) . Liedtke et al. (161) also demonstrated that increased activity of PKC-␦ resulted in activation of airway epithelial NKCC1 through localization and stabilization of actin polymerization. The possibility that kinase activity might affect actin polymerization was confirmed in Ehrlich ascites tumor cells which showed that shrinkage activation of NKCC1 was dependent on the cortical F-actin network, myosin II, and myosin light-chain kinase (120) . A recent study isolated chondrocytes from articular cartilage to study the effect of exposure to constant changes in extracellular osmolality. Regulatory volume increase in these cells after a hypertonic challenge was mediated by NKCC1 and regulated by the actin cytoskeleton (209).
With-no-lysine kinases
The kinase activity of most mammalian serine/threonine protein kinases depends on a conserved lysine residue in subdomain II of the catalytic domain. However, as the name implies, this key lysine residue has been replaced by a cysteine residue and the kinase activity of with-no-lysine kinases (WNKs) is conferred by another nearby lysine residue (297). Our yeast-2-hybrid screen of a mouse library with the binding domain of SPAK identified WNK4 as a SPAK/OSR1 interactor (223). At the time our screen was performed (2002), the cloning/identification of all the mouse WNK kinases had not yet been completed. One of the interactors found several times in the screen was a protein identified through the NCBI protein blast as colon cancer antigen 43 (See FIGURE 10 ). There are four mammalian WNK kinases (1-4), with WNK1 being the only one possessing four RFx[V/I] motifs. The WNK kinases share 85-90% sequence identity in the catalytic domain, an autoinhibitory region, numerous protein-interaction motifs in their regulatory domain, and tissue-specific expression in the heart and kidney (55, 210, 297, 310, 314).
The second WNK kinase (WNK2) that interacted with SPAK in our yeast-2-hybrid screen is expressed in neurons of the cerebral cortex and cerebellum, and unlike the other three WNKs, is not expressed in the kidney (241) . Functional studies using heterologous expression in Xenopus laevis oocytes have shown that WNK2 stimulates NKCC1 activity and inhibits KCC2/KCC4 activity. Immunoprecipitation studies from mouse brain also demonstrated an interaction with a phosphorylated form of SPAK. Taken together, a signaling complex between WNK2-SPAK-NKCC1 likely exists in the brain (241) . Human WNK3 has two variants based on alternative splicing in exon 18 (121) . The first variant contains a shorter version of exon 18, and the second variant contains an elongated exon 18 (contain-ing an additional 141 bases encoding 47 amino acids). Both variants are present in the brain, whereas only the first variant is found in the kidney (121) . In heterologous expression experiments in Xenopus laevis oocytes, the neuronal variant of WNK3 inhibited 22 Na ϩ uptake through NCC, whereas the renal variant stimulated NCC uptake 2.5-fold. The suppression effect of the neuronal WNK3 on NCC activity is similar to WNK4 (112) .
In 2004, we cloned and heterologously expressed mouse WNK4 in Xenopus laevis oocytes and demonstrated that WNK4 lies upstream of SPAK in the regulation of NKCC1 activity (92, 95). Concomitantly, in vitro experiments demonstrated the interaction between SPAK and WNK4 or WNK1 (190, 300) . The relationship between the kinases and the cotransporter is described in more detail in section IVC. In vitro kinase assays using wild-type and mutant WNK4 proteins (recovered from transfected HEK293 cells) also confirmed that WNK4 binds and phosphorylates OSR1 (3). As expected, inactive or truncated (lacking the carboxy-terminal domain) WNK4 could not phosphorylate OSR1. Residual phosphorylation of OSR1 was found to be the result of a 40-kDa kinase which copurified with WNK4. This kinase has not been identified but was shown to be ubiquitous and possibly constitutively active, as extremely small amounts of this unidentified kinase were able to phosphorylate SPAK and OSR1 (3) . A recent study has suggested that along with WNK activity affecting SPAK/OSR1, the two Ste20 kinases might also have a regulatory feedback role on the activity of the WNK kinases (280) . Hypotonicity and extracellular K ϩ concentration have also been shown to act as upstream regulators of WNK1 kinase activity (194) . In a study published in 2011, WNK1 was shown to localize to the mitotic spindles during chromosome segregation. Indeed, cells deficient in WNK1 failed to complete cell division, suggesting the necessity of the kinase for mitosis and abscission (289) . Multiple studies have investigated the role of WNK kinases in salt-sensitive hypertension, embryonic organ development, cell signaling, survival, and proliferation (for detailed reviews, see Refs. 123, 134, 181, 306) . It is important to note that not all effects mediated by WNK kinases require their catalytic activity, as kinase dead mutants or even regulatory fragments at times are able to recapitulate the physiological effect. Thus WNK kinases regulate transport through a variety of mechanisms, and only a subset of them involves the stimulation of SPAK/OSR1 signaling pathways. These kinase-dependent and independent effects are discussed thoroughly in a recent review on WNK kinases (181) . The relationship between the kinases and the cotransporter is described in more detail in sections IVC and VIE.
Protein kinase C isotypes
The 12 protein kinase C (PKC) isotypes (␣, ␤I, ␤II, ␥, ␦, , , , , , , and ) can be divided into three subgroups based on structure and cofactor requirements: the Ca 2ϩ -dependent conventional PKCs (␣, ␤I, ␤II, and ␥), the Ca 2ϩ -independent novel PKCs (␦, , , , and ), and the insulin/ ceramide responsive atypical PKCs (, , and ). These isozymes participate in cellular permeability, contraction, migration, proliferation, hypertrophy, apoptosis, and secretion (60) A yeast-2-hybrid screen found that PKC-selectively interacts with SPAK. Coimmunoprecipitation of endogenous SPAK from unstimulated Jurkat T cells demonstrated an association with PKC-, which could be enhanced by 5 min of anti-CD3 or phorbol myristate acetate stimulation (160) . Purified PKC-also phosphorylated a GST-SPAK fusion protein in an in vitro kinase assay. Moreover, transfection of Jurkat T cells with SPAK siRNA inhibited PKC--mediated activation of AP-1. In contrast, the PKC--mediated activation of NFB was not affected, indicating pathway specificity. Lastly, SPAK activation by CD3/CD28 costimulation was hindered in T cells isolated from knockout mice deficient in PKC-. Taken together, these data indicate that in T cells, SPAK is involved in the activation of a transcription factor critical in the production of IL-2 and cell proliferation. The residue(s) targeted by PKC-was mapped using in vitro phosphorylation assays with a constitutively active PKC-and wild-type and mutant GST-SPAK fusion proteins. These experiments demonstrated phosphorylation of two serine residues (mouse S321 and S335, see FIG-URE 6A) located towards the end of the catalytic domain, with the majority of the signal occurring on S321. Similar to WNK4 phosphorylation of S383 in the PF1 domain (see below), disruption of S321 by phosphorylation or mutation helps the kinase reach an active conformation (Delpire, unpublished data).
Interaction of PKC-␦ with SPAK was also demonstrated through immunoprecipitation studies in human tracheal epithelial cells (162). Direct binding of inactive or preactivated PKC-␦ was then mapped to the regulatory domain of SPAK (259) . Three separate experiments demonstrated that PKC-␦ acts upstream of SPAK in the hyperosmotic-induced activation of NKCC1. First, transfection of human airway epithelial cells with SPAK-specific siRNA did not alter PKC-␦ activation, but did inhibit activation of the cotransporter. Second, SPAK kinase activity increased in airway epithelial cells after treatment with methoxamine (a PKC-␦ activator) and decreased after treatment with rottlerin (a PKC-␦ inhibitor). Finally, an in vitro assay with activated PKC-␦ resulted in increased SPAK phosphorylation of myelin basic protein (259) . Note that other PKC isotypes also have a role in the regulation of NKCC1. Indeed, following a hypoxia/aglycemia treatment, 86 Rb uptake studies of bovine brain microvessel endothelial cells (BBMEC) demonstrated a downregulation of NKCC1 function by both a conventional PKC inhibitor and specific inhibitors for PKC-␣, PKC-␤, and PKC-. Similarly, treatment with a conventional PKC activator resulted in an upregulation of cotransporter function (329) . However, this study did not assess the possible role of SPAK/OSR1 in the PKC-␣, PKC-␤, or PKC-activation of NKCC1. Also note that activation of PKC (or specific PKC isotypes) does not always result in NKCC1 activation, as decreased cell surface expression (retrieval of the cotransporter from the plasma membrane) has been often observed upon PKC activation (76, 193, 277) .
Other known SPAK/OSR1 interactors
Several additional proteins have been shown to interact with SPAK and/or OSR1. They are the glycoprotein CD46, heat shock protein 105 (Hsp105), the TNF-␣ receptor (RELT), otoferlin, and calcium binding protein 39 (Cab39). The secretion of IL-10 from human CD4ϩ T helper cells is induced by the human type I glycoprotein CD46 (141, 142) . In turn, IL-10 is critical to self-antigen immune response suppression and the limitation of autoimmunity. The alternative cytosolic domains of CD46 (CYT1 and CYT2) have been shown to interact with SPAK (30) , and consequently, knockdown of SPAK in purified CD4ϩ T cells resulted in diminished production of IL-10 upon stimulation with anti-CD46 antibody. This indicates that the GCK-VI kinase is an intermediate between the CYT1 domain of CD46 and IL-10 production (30).
Hsp105 (the product of the hsph1 gene) was first identified in 1995 through the use of an Hsp105 specific antibody. The authors screened a mouse library for a protein upregulated in mouse FM3A cells preheated to 42°C (330) . Northern blot analysis revealed that Hsp105 mRNA is present in most murine tissues, and is highly expressed in brain. This heat shock protein was shown to regulate the activities of other heat shock proteins (e.g., HSC70/Hsp40) by suppressing their ATPase activity (316, 317) . Hsp105 expression is also significantly increased in a variety of cancers (135, 191, 196) . In Hela cells, Hsp105 prevents oxidative stress-induced apoptosis by suppressing the activation of caspase-3, caspase-9, and both c-Jun amino-terminal kinase (JNK) and p38 mitogen-activated protein kinase (p38 MAPK) (318) . Hsp105 belongs to a subfamily consisting of three heat shock genes: hsph1, hsp4a, and hsp4a1, distantly related to heat shock protein 70. Hsp4a-like was first identified by differential display analysis as a protein upregulated by treating mouse inner medullary collecting duct cells with hypertonicity (146) . Northern blot of kidney tissue exhibited low cortical expression but high inner and outer medullary expression of hsp4a1. Upon dehydration, mRNA abundance remained unchanged in the cortex, but increased significantly in both outer and inner medulla (146) . As for most heat shock proteins, Hsp4a1 mRNA expression was increased by exposing cells to increased (42°C) temperature. To date, the relationship between the heat shock protein and SPAK/OSR1 is unknown. Additional work will be needed to determine whether SPAK/ OSR1 phosphorylate Hsp105 and influence its function, or Hsp105 chaperones the GCK-VI kinases and affects their function.
Two independent studies demonstrated an interaction between SPAK/OSR1 and RELT, a TNF receptor expressed in lymphoid tissue (46, 228) . Another recent study demonstrated that OSR1 complexes with phospholipid scramblase 1 (PLSCR1) only in the presence of RELT. While the precise role of OSR1 in this relationship is still unknown, phosphorylation of the phospholipid scramblase might lead to the enhancement of apoptosis in a variety of cells (45) .
Interaction between otoferlin and SPAK was also identified by our yeast-2-hybrid analysis (223). Otoferlin is a mammalian calcium sensor protein with three C2 domains and a single carboxy-terminal transmembrane domain, which suggests an involvement in vesicle membrane fusion. Mutations in otoferlin result in an autosomal recessive, nonsyndromic, and prelingual deafness (186, 293, 331, 332) .
Cab39, also called MO25, was first identified as an OSR1 regulator in Drosophila genetic studies (319) . Indeed, mutants of Drosphila MO25 and Fray (OSR1 ortholog) showed indistinguishable defects in asymmetric division, indicating that the two proteins operate either together, or in the same pathway. Both proteins are required in embryonic neuroblasts for the proper localization of Miranda, an adaptor protein to Prospero, a cell fate determinant. Thus improper Miranda localization results in early larval lethality. The study also showed that MO25 and Fray oppose the function of STK11 (also called LKB1), a tumor suppressor gene necessary for definition of the anterior-posterior axis of the Xenopus laevis oocyte (176) . Conversely, overexpression of LKB1 resembles the MO25 and Fray phenotype.
Mammalian Cab39 was originally cloned from a two-cell cleavage stage mouse embryo and has been shown to have fundamental functions during both development and in many adult cell types (189) . The cloning of the Drosophila ortholog came 3 years later (200) . With the cloning of the entire mouse and human genomes, it is now clear that there are at least two genes that encode Cab39 proteins, each of them producing several transcripts. What is currently known about Cab39 function comes from work performed with Cab39␣. In mammalian cells, Cab39␣ operates as a critical scaffolding subunit stabilizing STK11 (LKB1) (23, 24) . The STK11/MO25/STRAD complex, which acts upstream of AMPK protein kinases (168) , might also regulate cation-chloride cotransporter function (85). Additional targets for mouse Cab39 include the MST3/MST4/YSK1 kinases that are involved in controlling development and morphogenesis (81). In the same study, it was demonstrated through in vitro experiments that Cab39 binding stimulated SPAK/OSR1 kinase activity by three-to fourfold (81). Cab39 is thought to interact with SPAK at a hydrophobicacidic-hydrophobic motif (WEW), which is located in the regulatory region of SPAK/OSR1 downstream of the serine residue targeted by WNK4 (see FIGURE 6A) . At this time it is not known if Ca 2ϩ modulate the Cab39-SPAK/OSR1 interaction and the SPAK/OSR1 signaling cascade.
Other potential SPAK/OSR1 interactors
Our laboratory wondered how many other proteins in the mouse proteome could possibly interact with SPAK/OSR1. Based on 12 putative motifs from SPAK binding partners identified through our yeast-2-hybrid analysis (e.g., NCC, NKCCs, KCCs, WNKs, AATYKs, and gelsolin), we ex- . Two-thirds of these proteins had an identifiable function ranging from transport to cell signaling to cytoskeletal support. Nearly all of these proteins preferentially had the SPAK/OSR1 binding motif located in their extreme amino-or carboxy-terminal regions (57) . Whether or not the GCK VI kinases truly interact with these proteins remains unknown. Obviously, many factors will contribute to the biological significance of these putative interactions including temporal and spatial coexpression (i.e., same tissue and cellular compartments), presence of upstream activators and inhibitors, and presence of downstream target phosphorylation residues.
C. Functional Reconstitution in Xenopus laevis Oocytes
Injection of heterologous mRNA into the oocyte of the African clawed frog (Xenopus laevis) allows the protein products to be studied in a controlled system one component at a time. We and others have observed a low level of bumetanide-sensitive (native NKCC1-mediated) K ϩ uptake in Xenopus laevis oocytes with only a minor increase upon hypertonic stimulation (95, 224, 272 . This is likely due to the presence of active upstream kinases in these more differentiated cells. The Xenopus laevis oocyte system has identified/confirmed specific residues involved in the protein-protein interaction, phosphorylation, and activation of NKCC1. Similar experiments have been performed in Xenopus oocytes to reconstitute the kinase activation of the kidney-specific Na-K-2Cl cotransporter (NKCC2) (109, 229) , the Na-Cl cotransporter (NCC) (208, 250) , and kinase inhibition of several K-Cl cotransporters (103, 241) .
Along with identifying the kinases involved in the signaling cascade which activates NKCC1, use of the Xenopus laevis oocyte expression system has also provided opportunity to characterize the role of other specific residues in SPAK/ OSR1. In 2005, Vitari et al. (300) demonstrated that the activation loop threonine residue 185 and the PF1 serine residue 325 in human OSR1 are targets of upstream phosphorylation by WNK4. A concomitant study also demonstrated phosphorylation of the PF1 serine in mouse OSR1 and in rat SPAK by WNK1 (190) . When the corresponding threonine and serine residues in mouse SPAK were mutated to mimic phosphorylation (i.e., T243E; S383D), coexpression of this mutant kinase was able to phosphorylate/activate NKCC1 in frog oocytes in the absence of WNK4, demonstrating that this mutant kinase is constitutively active (91). It is important to note that mutation of either the catalytic loop threonine residue, or the PF1 serine residue alone, were not sufficient to render the kinase constitutively active. Curiously, mutation of the serine residue into an alanine along with T243E also yielded a constitutively active kinase, indicating that disruption of the PF1 domain is a necessary component to kinase activation (91). Note that combining the PF1 serine mutation with mutation of the activation loop threonine into an aspartic acid did not result in cotransporter activation, indicating that an aspartic acid substitution, in contrast to a glutamic acid substitution, does not mimic phosphorylation (91). It is important to recognize that neither of these discoveries could have been made in mammalian cells where endogenous expression of WNK kinases would have masked the effect of expressing these mutant forms of the kinase.
In vivo studies injecting mouse Cab39 into Xenopus laevis oocytes have also uncovered an alternative mechanism of SPAK/OSR1 activation. A recent study comparing the functional activity of a mutant (T197E, S338A) sea urchin ortholog to the constitutively active mouse OSR1 found that coexpression with WNK4 and NKCC1 cRNA resulted in variable effects ranging from cotransporter inhibition to cotransporter activation (97). However, coexpression of mouse Cab39 cRNA with the mutant sea urchin OSR1 consistently resulted in a fourfold activation of the cotransporter, regardless of WNK4, indicating that Cab39 must somehow stabilize this mutant kinase in an active conformation. We mentioned earlier that the activation loop kinase mutant required the presence of WNK4 for activation, indicating the need for phosphorylation of the PF1 serine (91). However, when the activation loop threonine mutant of SPAK was coinjected with Cab39 cRNA, we observed a three-to fivefold activation of the cotransporter (97), similar to the effect measured in vitro (81). It was concluded that phosphorylation of the PF1 serine by WNK4, or the binding of Cab39 to the same PF1 region (the WEF motif is located only 10 residues away from S383), promotes the active conformation of the kinase. This observation opens the possibility of an alternative activating mechanism where in the presence of Cab39, WNK or non-WNK kinases which only target the activation loop threonine residue, bypass the requirement for phosphorylation of the PF1 serine, and activate SPAK/OSR1.
V. NONMAMMALIAN STE20-RELATED KINASES
A. Drosophila FRAY FRAY, the Drosophila ortholog of mammalian OSR1 (58), was initially discovered in an enhancer trap screen (264) .
The fray gene was cloned to determine the role it plays in the nervous system. FRAY is expressed by peripheral glia and is necessary for normal axonal ensheathment. Null FRAY mutants created with RNA interference (RNAi) died early in larval development and exhibited severe axonal swelling and defasciculation. This phenotype could be rescued by overexpression of fray cDNA in the ensheathing glia of the null FRAY mutants (159) . Tissue in situ hybridization demonstrates that subperineurial glia, the cells that provide the paracellular blood nerve barrier in larval Drosophila, express transcripts of Ncc69, a transporter mediating coupled Na ϩ , K ϩ , and Cl Ϫ movement. Loss of cotransporter function by RNAi results in a fluid accumulation between glia and axons, indicating an important role for FRAY-Ncc69 in nervous system volume/osmotic homeostasis (158) . It is remarkable how conserved the function of these proteins are, as mammalian SPAK/OSR1 and NKCC1 are also expressed in choroid plexus and blood-brain barrier (205, 224, 226) .
The mechanisms behind asymmetric cell division during neural development are still poorly understood. Both Cab39/MO25 and the serine/threonine kinase FRAY have been identified as regulators of neuroblast asymmetric division in Drosophila (319) . Indeed, null mo25 and null fray mutants both exhibit defects in the localization of Miranda, a protein that we have introduced when discussing Cab39. Miranda is an adaptor protein to Prospero, a homeodomain transcription factor, which is synthesized in the neuroblast and migrates into the ganglion mother cell (GMC) during mitosis to activate GMC-specific and repress neuroblastspecific gene expression. Miranda targets Prospero to the plasma membrane and is responsible for its apical localization during interphase and migration to the basal membrane during mitosis (for review, see Ref. 87). Thus MO25 and FRAY likely play a mechanistic role in regulating asymmetric cell division. In addition, the tumor suppressor kinase Lkb1, also introduced before, has been shown to redistribute MO25 and FRAY from the cytoplasm to the cortex, resulting in the same null mo25-mutant neuroblast phenotype. This suggests that the asymmetric process which MO25 and FRAY regulate is counterbalanced by Lkb1 (319).
B. Caenorhabditis elegans GCK-3
GCK-3, the C. elegans ortholog of mammalian OSR1, was identified by a positive yeast two-hybrid interaction with a RFx[V/I] motif located in the carboxy-terminal tail of the worm chloride channel, CLH-3b (61) . In addition to the evolutionary conservation of the interaction motif, the primary binding pocket (and its critical residues) within the CCT domain (298) is conserved through evolution starting from the protists (see FIGURE 11) . The interaction between GCK-3 and CLH-3b was confirmed by a GST affinity assay (61) . As CLH-3b is activated by dephosphorylation (248), the identification of a serine/threonine kinase suggests a novel regulatory pathway in which the kinase inhibits the fast-gating mechanism of the chloride channel. This was confirmed by measurement of robust hyperpolarization-evoked Cl Ϫ currents when CLH-3b was expressed alone, and a three-to ninefold reduction in current density when GCK-3 was coexpressed with CLH-3b in HEK293 cells (61) . Mutagenesis experiments combined with electrophysiological examination of the swellinginduced CLH-3b activation identified serine residue 747 as the target of dephosphorylation by the type I protein phosphatases. Mutation of S742 and S747 into glutamate resulted in constitutive, kinase-and swelling-insensitive chloride channels (75) . This GCK-3 serine motif with four amino acids between the serine residues is conserved as a threonine motif in mammals (91). The worm excretory cell and worm oocyte both express the clh-3 and gck-3 genes. RNAi of gck-3 in nonmaturing worm oocytes resulted in the constitutive activation of endogenous CLH3-b. RNAi of gck-3 in the whole animal dramatically inhibited systemic volume recovery and worm survival after hypertonic shock (39) . Taken together, GCK-3 is clearly part of a signaling pathway that controls ClC channel activity and regulation of intracellular Cl Ϫ , cell volume, and transepithelial fluid secretion (39, 61, 118) .
Again, the evolutionary conservation in the OSR1/SPAK signaling pathway is remarkable. Indeed, the volume recovery observed in C. elegans, as a result of GCK-3 activity, also involves the only WNK kinase found in the roundworm (WNK-1) (39) . Conserved between mammals and the nematode are 1) the presence of a RFx[V/I] motif in WNK-1, 2) WNK-1 phosphorylation of GCK-3 at the activation loop threonine and the PF1 domain serine, and 3) effect of alanine substitution of activation loop threonine residue abolishing upstream phosphorylation (118) . Null mutations of wnk-1 and gck-3 genes confirm that WNK-1 and GCK-3 activity are required for larval progression, germline formation, spermatogenesis, and development of excretory canals and facilitate chromosome segregation during the first meiotic cell division (74, 118, 148) .
VI. PHYSIOLOGICAL ROLES OF SPAK AND OSR1 IN MAMMALIAN SYSTEMS
A. Function in the Nervous System
Brain and spinal cord
Expression/function of the Na-K-2Cl and K-Cl cotransporters in the brain have been directly associated with the developmental response to the neurotransmitters GABA and glycine. In the rodent brain, expression of NKCC1 is highest in newly differentiated neurons in the periventricular zone (212) . The cotransporter uses the energy of the Na ϩ gradient generated by the Na ϩ -K ϩ -ATPase to drive intracellular Cl Ϫ to concentrations higher than electrochemical potential equilibrium (4) . As a result of high neuronal Cl Ϫ , binding of GABA and glycine leads to depolarizing responses (18, 212) . By the third postnatal week, neuronal migration has stopped and the intracellular Cl Ϫ concentration has significantly decreased. This perinatal period seems to be critical for the development of seizures (68) . In fact, bumetanide, a relatively potent inhibitor of NKCC1, has been shown to increase the efficacy of pentobarbital in the prevention of neonatal seizures (67) . The decrease of intracellular Cl Ϫ after birth is accelerated by the concomitant upregulated expression of the neuronal K-Cl cotransporter (KCC2) in mature CNS neurons. KCC2 uses the energy of the outward K ϩ gradient to drive intracellular Cl Ϫ below its electrochemical potential equilibrium (169, 217, 243) . These well-concerted developmental processes parallel the finely tuned development of the neurotransmitters GABA and glutamate (17) . In the adult brain, KCC2 (and to a lesser degree KCC3, Ref. 22 ) activity is critical in preventing network hyperexcitability (311, 338) . In the spinal cord, KCC2 activity decreases nociception, as downregulation (42, 131, 187, 199) or pharmacological inhibition of KCC2 (11) 
Choroid plexus
Choroid plexus epithelial cells mediate Na ϩ secretion and K ϩ reabsorption in cerebrospinal fluid (for a thorough review, see Ref. 47 ). High expression of NKCC1 (129, 140, 226, 312) and SPAK (224) on the apical membrane indicate that the cotransporter is likely involved in transepithelial salt movement (FIGURE 12A). With the Na ϩ -K ϩ -ATPase also located on the apical membrane, it has been suggested that NKCC1 functions to uncouple the opposing Na ϩ and K ϩ movement (226). Indeed, if the pump is the driving force for both Na ϩ secretion and K ϩ reabsorption, these two processes will be intimately linked. However, addition of NKCC1 on the apical membrane allows for modulation of the amount of Na ϩ that is transported in the cerebrospinal fluid (FIGURE 12B). As mentioned earlier, SPAK localization to the apical membrane disappears in choroid plexus of NKCC1 Ϫ/Ϫ knockout mice, indicating that the kinase is constitutively anchored to the Na-K-2Cl cotransporter in wild-type animals.
Blood-brain barrier
Vascular endothelial cells with impermeable tight junctions form a blood-brain barrier (BBB) separating circulating blood from the extracellular fluid in the central nervous system. In vitro exposure of these endothelial cells cultured on Transwell barriers to astrocyte-conditioned media increased Na-K-2Cl cotransporter and Na ϩ -K ϩ -ATPase expression by 55% with an asymmetric apical (90%) versus basolateral (10%) distribution of cotransporter protein expression (269, 270) . ELISA studies of this astroglial conditioned medium found significant amounts of IL-6 (270). As discussed in the intestine subsection, cytokines regulate mRNA expression of both SPAK and NKCC1. The function of the brain endothelial NKCC1 is to mediate the transport of Na ϩ , Cl Ϫ , and water from the blood to the neuronal tissue. Dysregulation of this transport process, such as increased NKCC1 expression and activity, could result in a pathological increase of fluid in the brain. Indeed, middle cerebral artery occlusion, which mimics stroke, results in cerebral edema due to increased NKCC1 expression and activity (26, 206, 207) .
Arginine vasopressin (AVP) stimulation through a receptorand calcium-dependent mechanism (204), glucose and pyruvate deprivation, or hypoxic conditions (84) all rapidly activate p38, JNK, and AMPK in cerebral microvascular endothelial cells and stimulate BBB NKCC1 activity resulting in ischemia-induced edema formation. Inhibitors of these kinase signaling pathways reduce or abolish the stimulation of NKCC activity (301) . One of these studies recognized that SPAK and OSR1 are the most direct kinases that phosphorylate and activate NKCC1, and therefore, further study is needed to determine if hypoxia, aglycemia, AVP, or oxygen-glucose deprivation stimulate NKCC1 function through these Ste20-related signaling cascades.
Hypothalamus
Estrogen-receptive neurons in the preoptic/anterior hypothalamic region of the rat brain are GABAergic (83). Experiments performed in the neonatal hypothalamus have reabsorption. Activity of apical NKCC1 uncouples the movement of Na ϩ and K ϩ by recycling Na ϩ on the apical membrane. The Na ϩ entry mechanism on the basolateral side is mediated by Na ϩ -bicarbonate cotransporters, NBCn1 and NBCn2. The K ϩ exit mechanisms on the basolateral side are 1) K ϩ channels and 2) KCC, a K-Cl cotransporter. SPAK is drawn at the apical membrane, associated with NKCC1.
shown that estradiol enhances GABA synthesis and GABAmediated Ca 2ϩ influx and modulates GABA-mediated sexual differentiation (219) . Total NKCC1 protein expression was shown to be sexually dimorphic (higher in males than females) in perinatal hypothalamus. Administration of estradiol on postnatal day zero did not change expression levels of total NKCC1 or phosphorylated NKCC1 (pNKCC1) 1 day after birth. However, on the second postnatal day, there was a significant increase in pNKCC1 in hormone-treated females relative to vehicle-treated females and males. Although levels were undetectable at postnatal day zero, a significant level of KCC2 protein was found 5 days after birth and higher in males relative to females (220) . In a recent study from the McCarthy laboratory, estradiol treatment of newborn rats significantly increased the protein expression levels of SPAK and OSR1. The time course of this increase in the expression of these two Ste20-related kinases parallels the estradiol-enhanced phosphorylation of NKCC1 found by Perrot-Sinal and co-workers (201).
Sensory neurons
In contrast to central neurons, NKCC1 expression does not developmentally decrease in sensory (including peripheral) neurons, and therefore, in the absence of KCC2 expression, the intracellular chloride concentration remains high and above the resting membrane potential throughout adulthood (4, 5, 271). The high intracellular chloride concentration in dorsal root ganglion neurons results in depolarizing GABA responses, presynaptic inhibition, and filtration of sensory noise (309) . Although the intracellular Cl Ϫ is already high under physiological conditions, it can further increase upon injury. In fact, the observed increase in NKCC1 activity following peripheral nerve injury has been shown not to involve an increase in expression level of the cotransporter, but rather an increase in phosphorylation of already expressed transporters (225). Studies have also shown that SPAK and OSR1 are enriched in olfactory sensory cilia (117) . High kinase expression again correlates with high NKCC1 expression and depolarizing GABA responses that are measured in these olfactory receptor neurons (137, 238) . It is important to stress that NKCC1 is not the only mechanism responsible for Cl Ϫ accumulation in sensory cilia, as some Cl Ϫ accumulation still occurs in NKCC1 knockout mice (197) .
As significant portions of the catalytic and regulatory domains of SPAK and OSR1 are similar if not identical, and since the two kinases often have overlapping tissue expression (130, 223, 276, 290, 323) , it is possible that they have identical functions. The question of redundancy was addressed in an undifferentiated mouse dorsal root ganglion (DRG) cell line which expresses NKCC1 as well as SPAK and OSR1 (105) . Using a combination of semiquantitative Western blot analyses, shRNA, and functional studies, it was found that both kinases are expressed equally in these cells, both participate in the phosphoregulation of NKCC1, and there seemed to be a direct relationship between the amount of kinase expressed in the cells and the activity of the cotransporter. These observations were extended using primary cultured DRG neurons isolated from wild-type and SPAK knockout mice. SPAK knockout mice exhibited a 50% reduction in NKCC1 function, indicating that another kinase (i.e., OSR1) was contributing to NKCC1 phosphorylation. Decreased NKCC1 function in SPAK knockout mice could have also contributed to an increase in the latency of the mice to respond to noxious heat stimuli, and to difficulties in locomotion and balance (104).
Ste20-related kinases and neurological disorders
Autism is a neurodevelopmental disorder affecting an estimated 1 in 150 children. Repetitive behaviors, weak or absent communication skills, and impaired social relationships are features indicative of autism spectrum disorders. A genetic study involving 334 families (a total of 610 subjects) has demonstrated an association between three single nucleotide polymorphisms (SNPs) in STK39 (the human gene encoding SPAK) and autism (234) . Significant P values (P Ͻ 0.05) were observed with markers rs971257 (marker downstream the STK39 gene), rs1517342 (intron 5-6), and rs1807984 (intron 1-2). The authors of the study also found an interaction between STK39 and the mitochondrial aspartate/glutamate transporter SLC25A12 gene. This interaction at the genetic level indicates a possible functional interaction between the kinase and the mitochondrial amino acid carrier. Another strong association was identified between SLC25A12 SNPs and autism (235) . SLC25A12 knockout mice exhibited deficits in myelination and neurofilaments leading to death 3 wk after birth (249) . In a more recent analysis, however, a lack of association was found between marker rs1807984 and specific core autism symptom domains or with additional specific familial features based on interviews, but the authors stated that this latest analysis did not contradict the previous study (294).
Parkinson's disease is a central nervous system degenerative disorder characterized by involuntary tremors and postural instability. Death of dopamine-producing cells in the substantia nigra results in the loss of smooth coordinated movements associated with this disease. A genome-wide association study to search for rare and common genetic variants conferring risk of Parkinson's disease in a relatively homogeneous population of Ashkenazi Jews found a significant association with another intron 5-6 SNP in STK39: marker rs3754775 (intron 5-6). Importantly, STK39 verified in a meta-analysis of datasets from five Parkinson's disease genome-wide association studies performed in the United States and Europe (40) . The meta-analysis comprised 5,333 patients with Parkinson's disease and 12,019 control patients. In this case, marker rs2102808 (5= flanking sequence) was also associated with genetic risk for this neurodegenerative disease. However, as with all association studies, caution should be exercised in ascribing too quickly a definitive disease risk in the absence of additional biological evidence.
Schizophrenia is a psychiatric disorder characterized by severe auditory and visual distortions, behavioral disturbances, and emotional unresponsiveness. Although still poorly understood, the etiology underlying schizophrenia includes both physical (i.e., genetics, neurobiology) and psychological (i.e., environment, social processes) components. A postmortem examination of brain specimens from schizophrenic subjects demonstrated a significant increase in the protein expression of OSR1 and WNK3 in the dorsolateral prefrontal cortex (9) . While no changes in NKCC1 and KCC2 expression levels were observed in the same tissues, it is likely that the increased kinase expression affected the activity of the Na-K-2Cl and K-Cl cotransporters. In fact, increases in NKCC1 and decreases in KCC2 mRNA expression have been found in the hippocampus of schizophrenic individuals (128) . KCC2 mRNA expression levels were also significantly lower in the hippocampus of schizophrenic patients who were homozygous for the SNP rs3749034 located in the promoter of the GAD1 gene. Note that GAD1 encodes for the glutamic acid decarboxylase 67 (GAD67), an enzyme that converts glutamate into GABA, and that GABA has been shown to regulate the transcription of KCC2 (100, 167) . The fact that both OSR1/WNK3 and NKCC1/KCC2 have been separately linked to schizophrenia suggests that cotransporter activity is likely involved in this neuropsychiatric disorder. It is unfortunate that no similar studies have yet examined the expression of the related K-Cl cotransporter, KCC3, as patients with frame-shift mutations in the SLC12A6 gene also develop psychosis or schizophrenia-like symptoms (6, 82, 150) , and KCC3 null mice exhibit a prepulse inhibition phenotype (124) .
B. Function in the Heart and Vasculature
Although not abundant, SPAK mRNA transcript and protein expression are present in the heart, and thus, SPAK presumably serves a physiological role in the cardiovascular system (130, 290) . Heart rate and locomotor activity in the SPAK (T243A) knock-in mouse followed a normal circadian rhythm and was similar to that of a wild-type mouse. However, the mean arterial blood pressure in the inactive SPAK knock-in mouse was significantly lower (discussed below in sect. VIE; Ref. 231) . In many cases, OSR1 expression overlaps with SPAK (105) . However, in the heart and skeletal muscle, OSR1 mRNA expression levels are much higher (276) . In fact, with the exception of the MAP2 kinases, OSR1 expression in the left ventricle of the heart has the highest protein concentration (ϳ25 ng/mg) of the Ste20-related kinases (12) . During the early stages of mouse development, passive diffusion is sufficient for embryonic nutrition. However, yolk sac circulation and development of the heart around e10.5 is necessary to prevent embryonic mortality. Even if the embryo survives past e10.5, inefficient pumping, instability of blood vessel walls, and inappropriate remodeling of the major blood vessels could lead to embryonic mortality (245) . The lethality of the conventional homozygous OSR1 knockout was timed between embryonic days 10.5 and 13.5 in the Lin study (164), an observation that is similar to the lethality of WNK1 null mice (313) . This suggests that cardiac insufficiency is possibly a leading causative factor. Note, however, that a fraction of animals were shown to die at a later embryonic age, up to E17.5 (58, 231) .
The Ste20-related kinases and NKCC1 are both coexpressed in vascular smooth muscle and participate in aortic contractility and blood pressure (102, 184) . As expected, total and phosphorylated forms of SPAK were absent in aortic tissues of the SPAK null mouse, and even though the total NKCC1 expression increased, the amount of phosphorylated NKCC1 decreased in aortic tissues (327) . This result would suggest that perhaps SPAK is the predominant Ste20-related regulatory kinase of NKCC1 activity. However, examination of aortic tissue from heterozygous global OSR1 knockout mice demonstrated that while the relative protein abundance of total SPAK and NKCC1 was the same as wild-type mice, the abundance of phosphorylated OSR1, SPAK, and NKCC1 was significantly reduced, along with the expression level of total OSR1 (164). Heterozygous OSR1 knockout mice also demonstrated hypotension, indicating that, similar to dorsal root ganglia neurons, SPAK and OSR1 coregulate NKCC1 and thus control vascular contractility. These data also suggest that the kinases have additive effects, as elimination of either kinase results in decreased contractility. Another study has identified a novel vascular signaling pathway linking adrenergic receptors with WNK1, SPAK, and NKCC1 (19) . Because homozygous WNK1 knockout mice were embryonically lethal, Bergaya et al. (19) 
compared WNK1
ϩ/Ϫ mice with WNK1 ϩ/ϩ mice. The WNK1 ϩ/Ϫ mice exhibited a significant decrease in their in vivo blood pressure response, ex vivo vascular contraction after ␣ 1 -adrenergic receptor activation, and a decrease in the pressure-induced arterial contractile response (19) . Finally, for completeness, we will note that WNK4 also affects contractility of blood vessels and blood pressure by decreasing Ca 2ϩ influx mediated by TRPC3 (transient receptor potential canonical 3) (215).
C. Function in the Intestine
Activation of p38 MAPK is a common feature of chronic intestinal inflammatory diseases such as ulcerative colitis and Crohn's disease (78) . In these diseases, p38 MAPK is activated in immune cells (monocytes, macrophages) as well as intestinal microvascular endothelial cells, epithelial cells, and fibroblasts. Activation of p38 MAPK leads to the recruitment of lymphocytes and neutrophils to the site of inflammation and also leads to the stimulation of macrophage producing proinflammatory cytokines such as TNF-␣, IL-1, IL-6, IL-8, and cyclooxygenases 1-3. Activation of p38 MAPK in colonic epithelial cells yields changes in the transepithelial resistance, which can be prevented using a p38 MAPK inhibitor (211) .
Using degenerate primers corresponding to highly conserved regions of serine/threonine kinases (i.e., subdomains I, VIb, and VIII), Merlin and co-workers identified a SPAKlike kinase that is enriched in inflamed human colon tissue (321, 323) . This kinase, as discussed earlier, is identical to SPAK but excludes parts of exons 1, 6, and 7, resulting in the absence of the PAPA box and domain IX, a small region of the catalytic domain (FIGURE 5). Overexpression of colonic SPAK through transfection in Caco2-BBE cells resulted in phosphorylation of p38 MAPK, but not ERK or JNK. These data are compatible with earlier data from Johnston et al. (130) in COS7 cells. As proinflammatory cytokines also lead to activation of p38, Merlin and coworkers examined SPAK mRNA expression in Caco2-BBE cells exposed to interferon-␥, transforming growth factor (TGF)-␤, and tumor necrosis factor (TNF)-␣ treatment. They showed a 2.5-fold increased SPAK mRNA expression with interferon (323) and TNF-␣ (320) . Note that the precise signaling pathway modulated by SPAK is likely cellspecific, as in hematopoietic cells, SPAK interacts with the TNF receptor RELT (receptor expressed in lymphoid tissues), leading to activation of both p38 and JNK signaling (228). Transcriptional activation of SPAK in intestinal cells by TGF-␤ has been linked to the presence of a NF-B element located some 350 bp upstream of the transcription initiation site (320) . Using a luciferase reporter gene assay with a portion of the 5= region of SPAK, the authors observed stimulation by TNF-␣. When they inserted constructs with shorter promoter sequences lacking the NF-B element, the TNF-␣ stimulation was significantly reduced. Furthermore, mutation of the NF-B element itself resulted in a 50% decrease of the TNF-␣-stimulated luciferase signal, indicating that the element is involved in the increased transcription of SPAK observed under inflammation. These studies confirmed increased expression of NF-B and its translocation to the nucleus, alongside with increased SPAK mRNA and protein levels in mice treated with dextran sodium sulfate to induce colitis (320).
The precise downstream effects of SPAK and p38 MAP kinase in colonic epithelial cells are not fully resolved. Increased SPAK expression has been correlated with a decreased transepithelial barrier resistance. This observation has been made not only in cultured caco2-BBE cells exposed to cytokines (323) , but also in mouse colonic mucosa from in mice overexpressing the kinase (322) . Conversely, decreased SPAK expression through siRNA resulted in an increase in barrier resistance (322) . Altogether, the significant decrease in epithelial barrier resistance measured in transgenic mice overexpressing SPAK is likely to account for the significant aggravation of the inflammation phenotype observed in the dextran sodium sulfate-induced colitis model (322) .
Expression of SPAK mRNA levels is also increased in colon tissue isolated from mice treated with hyperosmolarity (321) . In this case, induction of SPAK is also mediated at the transcriptional level through the NF-B element. Similar to the SPAK promoter, the NKCC1 promoter is TATA-less, has SP1 sites that contribute to basal transcriptional activity, and a NF-B element located some 650 bp upstream of the transcriptional initiation site (236) . Furthermore, similar to SPAK, NKCC1 mRNA expression is enhanced by hyperosmolarity (251), IL-6 (270), IL-1, and TNF-␣ (286) . As the two proteins interact closely and are therefore part of common functional units, it seems appropriate for their genes to be coregulated.
D. Function in the Pancreas
The pancreas has dual roles: as an endocrine gland producing glucagon (␣ cells) and insulin (␤ cells) necessary for glucose homeostasis (71) ; and as an exocrine gland secreting a bicarbonate (HCO 3 Ϫ ) and salt-rich pancreatic juice containing enzymes to assist in the digestion of carbohydrates, proteins, and fats (154) . The classic model for HCO 3 Ϫ secretion across pancreatic acinar cells involves HCO 3 Ϫ entry across the basolateral membrane through a Na ϩ /HCO 3 Ϫ cotransporter (pNBC1) driven by the Na ϩ -K ϩ ATPase, and HCO 3 Ϫ efflux across the apical membrane, mediated by the coordinated activity of the Cl Ϫ /HCO 3 Ϫ exchanger and the cystic fibrosis transmembrane conductance regulator (CFTR) (see FIGURE 13) (154, 266) . Src family kinases and MAP kinases have previously been shown to modulate NBC transport activity in renal epithelial cells (247) . In a recent study, Park et al. (216) Ϫ exchange on the apical membrane. They found that IRBIT also stimulated CFTR, and this activation required the PDZ domain of CFTR, as well as the PEST (proline/glutamic acid/serine/threonine-rich) and coiled-coil domains of IR-BIT. In a follow-up study, the authors determined that WNK1/SPAK or WNK4/SPAK phosphorylation of NBCe1 and CFTR inhibits ductal HCO 3 Ϫ secretion by reducing cell surface expression of both transporters (325) . In agreement with the WNK/SPAK pathway reducing NBCe1 and CFTR function, knockdown of the WNK kinases (WNK1, -3, and -4 being expressed) resulted in stimulated ductal secretion (325) . Whether the phosphorylation affected forward trafficking or transporter retrieval from the cell surface was not addressed. The SPAK/WNK1 effect on trafficking is interesting and novel. In the case of cation-chloride cotransporters, SPAK phosphorylation is thought to only affect the activity of the transporters already expressed in the plasma membrane, whereas overexpression of WNK4 has been shown to lead to decreased cell surface expression not only for CFTR (324, 325) and NBCe1B (325), but also for NCC (28) and NKCC1 (132) . It is important to note that we have never been able to reproduce the decreased cell surface expression of NKCC1 with WNK4 (95). More detailed studies will be needed to resolve and understand the precise mechanisms by which these kinases affect transporter trafficking. Yang et al. also demonstrated that IRBIT governs epithelial secretion by recruiting protein phosphatase 1 to dephosphorylate NBCe1 and CFTR, thus restoring their Model of bicarbonate secretion in proximal and distal pancreatic duct epithelial cells. In proximal duct, the luminal bicarbonate concentration is low and the Cl Ϫ concentration is high. HCO 3 Ϫ enters the cell through the basolateral NBCe1, driven by the Na ϩ gradient, whereas HCO 3 Ϫ exits the cell through SLC26A6 driven by the Cl Ϫ gradient. In the distal duct, luminal Cl Ϫ concentration is low and HCO 3 Ϫ exits the cell through a "SPAK-induced" HCO 3 Ϫ -permeable CFTR. The movement of bicarbonate is driven by the membrane potential.
cell surface expression and HCO 3 Ϫ secretion. It is also possible that IRBIT scaffolded PP1 in proximity of SPAK leading to dephosphorylation and inactivation of the kinase, a mechanism similar to the regulation of NKCC1 by scaffolding both SPAK and PP1 on the cotransporter (90). Whether or not SPAK binds directly to NBCe1 and CFTR is still unknown; however, Yang et al. (325) have suggested that WNK serves as a scaffold for SPAK binding to the transporter and the channel. Finally, in order for IRBIT to bind to both NBCe1 and CFTR, several serine residues need to be phosphorylated; however, the identity of the kinase phosphorylating IRBIT is still unknown (8, 325) .
It has been argued that neither a 1:1 electroneutral nor 1:2 electrogenic stoichiometry of the anion exchanger on the apical membrane of the acinar duct epithelial cells is sufficient to produce the 140 mM HCO 3 Ϫ that is secreted in the pancreatic duct (154) . The Cl Ϫ /HCO 3 Ϫ exchanger requires luminal Cl Ϫ to drive the secretion of HCO 3 Ϫ into the lumen. However, the luminal Cl Ϫ concentration decreases from the proximal to distal end of the pancreatic duct, reducing the driving force and actually shifting the Cl Ϫ /HCO 3 Ϫ exchanger from secretion to absorption (FIGURE 13). As pancreatic HCO 3 Ϫ secretion still occurs in the absence of sufficient luminal Cl Ϫ , Park et al. (216) have suggested a novel mechanism where the activated WNK1-OSR1/SPAK signaling cascade inhibits HCO 3 Ϫ reabsorption through the anion exchanger, and switches CFTR from a Cl Ϫ transporting channel into a HCO 3 Ϫ transporting channel, thus generating bicarbonate-rich fluid in the human pancreatic duct (216) . When the intracellular Cl Ϫ concentration is low compared with HCO 3 Ϫ , with a Cl Ϫ /HCO 3 Ϫ selectivity of CFTR of ϳ0.5 and a membrane potential of around Ϫ60 mV across the apical membrane, CFTR will secrete bicarbonate. While both Yang et al. (325) and Park et al. (216) demonstrated physical association between SPAK and CFTR through immunoprecipitation studies, neither the binding site nor the phospho-residues have yet been mapped. Park et al. argue that the signal leading to SPAK activation of CFTR in pancreatic duct cells is a decrease in the intracellular Cl Ϫ concentration. Although the activity of both SPAK and OSR1 was shown to be sensitive to Cl Ϫ in in vitro kinase assays (93), the identity of the protein that senses and signals changes in intracellular Cl Ϫ in cells is still unknown. Clearly, there are many unanswered questions; for a more detailed review of the molecular mechanisms of pancreatic fluid and HCO 3 Ϫ secretion, see Reference 155.
E. Different Functional Roles of SPAK and OSR1 in the Kidney
The primary function of the kidney is to preserve electrolyte and water homeostasis critical to normal cell physiology of the whole organism. The thick ascending limb (TAL) of Henle's loop reabsorbs ϳ25% of the filtered salt load, with an additional 10% being reabsorbed in the distal convoluted tubule (DCT) and the cortical collecting duct (CCD) (for reviews, see Refs. 59, 70) . These segments of the distal nephron reabsorb salt and divalent cations based on the expression of specific ion transport proteins. Several of these ion transporters are regulated by phosphorylation of specific serine/threonine residues. The identification of the WNK-SPAK/OSR1 signaling cascade (95, 190, 300) has resulted in multiple investigations focusing on the physiological role of these kinases in the mammalian kidney. There are several recent reviews focusing on the role WNK kinases have in regulating salt reabsorption and blood pressure (111, 123, 133, 181) . In contrast to peripheral neurons, which seem to interchangeably use SPAK and OSR1 to regulate NKCC1 activity, these Ste20-related kinases have two distinct roles in the Na ϩ -reabsorbing segments of the distal nephron. We have therefore chosen to divide the discussion of this section (and the inherited salt-wasting disorders associated with them) along these segments.
TAL
The principal role of the TAL is Na ϩ and water reabsorption. The movement of ions across the apical and basolateral membrane of the epithelial cells secondarily creates an electropositive lumen that constitutes a driving force for the paracellular movement (reabsorption) of calcium and magnesium. The renal isoform of the NKCC2 is expressed in the cells of the TAL, the macula densa, and a short post-macula segment at the transition to the DCT (138, 203) . The combination of NKCC2 and a K ϩ channel (ROMK) on the apical membrane with the basolateral expression of Na ϩ -K ϩ -ATPase and a chloride channel (ClC-Kb) in the TAL epithelium results in net Na ϩ and Cl Ϫ absorption (253) . Indeed, in the conventional model of a TAL epithelial cell (see FIGURE 14) , the apical NKCC2 provides the entry mechanism for Na ϩ , K ϩ , and Cl Ϫ . The apical ATP-sensitive ROMK recycles K ϩ and creates an electropositive lumen. The activity of the basolateral Na ϩ -K ϩ -ATPase constitutes the exit mechanism for Na ϩ and provides the energy for the transepithelial Na ϩ movement. The basolateral Cl Ϫ channel, which constitutes the exit mechanism for Cl Ϫ , creates an electronegative serosal side. The transepithelial potential drives the movement of divalent cations from urine to blood. Improper salt and acid-base homeostasis in the TAL results in Bartter syndrome, a salt-wasting disorder characterized by hypokalemia (low potassium levels due to increased delivery of Na ϩ to the collecting ducts, which results in increased K ϩ excretion), increased blood pH (alkalosis), and normal to low blood pressure (15, 221).
A) GENETICALLY MODIFIED OSR1 MICE. As both SPAK and OSR1 are expressed in the TAL, the idea that OSR1 plays a primary role in modulating Na ϩ reabsorption in this segment comes from genetically modified mouse studies. Indeed, disruption of the SPAK gene was shown to primarily affect the DCT segment (see DCT section, below), and semiquantitative western blotting and immunofluorescent staining of kidney tissues from these mice demonstrated robust OSR1 expression in the TAL (327) . Two independent homozygous OSR1 knockout mice (58, 164 ) and a homozygous OSR1-T243A knock-in mouse (231) were created and shown to be embryonically lethal (see sect. IIIE). Genetic analysis of embryos of different stages indicated that the
OSR1
Ϫ/Ϫ mice failed to thrive between e10.5 and e13.5 (164). Crossing of a kidney-specific Cre recombinase transgenic mouse with an OSR1 floxed mouse generated a viable kidney-specific (KSP) homozygous OSR1 knockout mouse (164). The KSP-OSR1 Ϫ/Ϫ mouse exhibited Bartter-like syndrome with normal blood pressure, significant hypokale- 
Ϫ channel) involved in salt reabsorption. OSR1 is illustrated as monomers (1), heterodimers (2), and heterotrimeric complexes with a yet to be identified upstream kinase (3). Model of DCT epithelial cell showing major transporters (NCC, Na ϩ -K ϩ -ATPase) involved in salt reabsorption. SPAK is illustrated as monomers (4), homodimers (5), heterodimers (6) , and heterotrimeric complexes (7). mia, and hypercalciuria. When these KSP-OSR1 Ϫ/Ϫ mice were fed a low-Na ϩ diet, they presented with a systolic hypotension and significantly more Na ϩ excretion in their urine, indicating markedly reduced Na ϩ absorption in the TAL. While already hypokalemic, when fed a low-K ϩ diet, these mice exhibited a more pronounced hypokalemia and increased fractional potassium excretion (164).
The Bartter-like syndrome phenotype displayed by the KSP-OSR1 Ϫ/Ϫ mice prompted further examination for both total and phosphorylated levels of OSR1, SPAK, and NKCC2 expression in the TAL. As expected, total OSR1 and phosphorylated OSR1 were absent. The level of phosphorylated NKCC2 was dramatically reduced without a parallel reduction in the level of total cotransporter expression, indicating that OSR1 is the predominating Ste20-related kinase in the TAL (164). In contrast, compared with wild-type controls, the expression of phosphorylated forms of both OSR1 and NKCC2 in the kidney tissue lysate of SPAK ϩ/Ϫ mice was significantly increased (327; discussed in detail in the DCT section below). B) MILAN HYPERTENSIVE RAT. The Milan hypertensive rat strain (MHS) develops hypertension as a result of changes in renal tubular Na ϩ reabsorption (20) . These rats have a point mutation in adducin (287) that alters the plasma membrane turnover of the Na (32) found a 58% increase in phosphorylated renal NKCC2 (without an increase in total NKCC2 protein abundance) in MHS hypertensive versus age-matched normotensive rats. In addition, there was a clear increase in phosphorylated SPAK immunoprecipitated from MHS renal extracts. Immunofluorescent staining demonstrated a colocalization of phosphorylated SPAK and NKCC2 in the TAL. Chronic exposure to the loop diuretic furosemide reduced the systolic blood pressure of MHS rats, indicating NKCC2 activity contributes to the observed hypertension in these rats (32).
C) SPAK AND OSR1 EXPRESSION IN THE MAMMALIAN KIDNEY.
To examine the expression levels of SPAK and OSR1 in the mouse kidney, Alessi and co-workers (231) generated novel antibodies to both kinases and demonstrated specificity for their target epitopes by immunoblot and immunoprecipitation with negligible cross-reactivity. The distribution of SPAK in the nephron was found to be restricted to the medullary and cortical TAL, as well as the DCT. Although western blots for OSR1 in kidney and testes lysates only had a single band, several bands were observed with an antibody against SPAK (231) . Mass-spec analysis of these multiple bands has verified that they all contain portions of the regulatory domain of SPAK. Curiously, tryptic digest of each band never identified the PAPA box region or specific portions of the catalytic domain indicating that mass-spec analysis provides only partial coverage of each fragment
and therefore the precise identity/composition of each band/fragment is unknown. Another study demonstrated that a shortened form of SPAK that lacked a catalytic domain is highly expressed in the TAL (182). As mentioned above, lack of OSR1 expression in the TAL significantly reduced the phosphorylation level of NKCC2 in the TAL (164). In the McCormick study, the kidney-specific short form of SPAK exerted a dominant-negative effect on SPAK/ OSR1 phosphorylation of NKCC2 in the TAL (182) . This potentially explains both the reduced NKCC2 phosphorylation observed in the KSP-OSR1 Ϫ/Ϫ mouse and the increased phosphorylation of the TAL cotransporter observed in the SPAK Ϫ/Ϫ mouse (see FIGURE 14) . Also in agreement with this hypothesis is the absence of NKCC2 over-phosphorylation in the SPAK T243A mouse, which can be explained by the normal expression of SPAK fragments in this mouse model (231) .
In addition to the Ste20-related kinases, epithelial cells of the TAL, DCT, and collecting duct were shown to also express a sorting protein-related receptor with A-type repeats (SORLA) by immunohistochemistry and in situ hybridization (237) . Using a SORLA Ϫ/Ϫ mouse generated in an earlier study (7), Reiche et al. (237) found that although the volume of urine was the same in wild-type and knockout mice, the SORLA Ϫ/Ϫ mice had a greater fractional excretion of K ϩ when adequately hydrated, and excretion of Na ϩ and Cl Ϫ was significantly greater when the mice were on water restriction. However, over a 24-h period, the total amount of NaCl excreted was not different between free water and water restriction conditions in knockout animals, indicating impairment of NaCl reabsorption (237) . Western blotting demonstrated only a moderate increase in total NCC, ENaC, and NHE expression, but a very significant increase in their level of phosphorylation (activation). However, the principal cotransporter in the TAL (NKCC2) lacked any evidence of phosphorylation with normal abundance levels of the protein. As SORLA is a trafficking protein (7), and a functional interaction with SPAK was demonstrated by immunoprecipitation from transfected HEK293 cells, the authors suggested that loss of cotransporter activity was a result of mistrafficking of SPAK by SORLA (237) . Western blotting of renal extracts from SORLA Ϫ/Ϫ mice exhibited a massive increase in phosphorylated SPAK (without a concomitant increase in total protein abundance), and immunohistological staining showed apical colocalization of the phosphorylated SPAK with NKCC2 in the TAL (237) . These results coincide with other studies (164, 182) suggesting that NKCC2 activity in the TAL is predominately regulated by OSR1 phosphorylation. However, if SORLA caused SPAK to be "trapped" in vesicles away from the apical membrane (and NKCC2), then the logical expectation would be an increase in OSR1 phosphorylation of NKCC2. One possibility is that mistrafficking and/or activation of SPAK affects OSR1 activation of NKCC2, ultimately leading to reduced TAL-mediated NaCl reabsorption and therefore increased salt excretion. Based on experimental data from the kidneyspecific OSR1 knockout and the global SPAK knockout mice models, we have summarized the regulation of NKCC2 in TAL in FIGURE 14. We propose that OSR1 forms a domain-swapped dimer, which when activated by a yet to be identified upstream kinase, binds, phosphorylates, and activates NKCC2. Expression of inactive SPAK protein fragments might inhibit this process by competing with active OSR1 for binding sites on the cotransporter. Alternatively, inactive SPAK fragments might inhibit OSR1 function through possible kinase heterodimerization.
DCT
The NCC is expressed along the entire DCT segment beginning beyond the post-macula segment expressing NKCC2 and ending at the transition point into the connecting tubule (202, 218, 227, 295) . In the conventional model of a DCT epithelial cell (see FIGURE 15) , apical expression of NCC provides the entry mechanism for Na ϩ and Cl Ϫ and basolateral expression of the Na ϩ -K ϩ -ATPase is the exit mechanism for Na ϩ and the driving force for Na ϩ reabsorption. Gitelman syndrome is a salt-wasting disorder characterized by reduced K ϩ levels and reduced pH in the blood (hyperkalemic alkalosis), low Mg 2ϩ levels in the blood (hypomagnesemia), and diminished level of Ca 2ϩ in the urine (hypocalciuria) (110, 258) . Pseudohypoaldosteronism type II (PHA type II or Gordon syndrome) is an autosomaldominant disorder also featuring hyperkalemia and hypertension (310) . Because the PHA2 disorder can be treated with thiazide diuretics (180) , the deficit likely originates from changes in Na ϩ transport in the DCT. While Gitelman syndrome is due to mutations in NCC, PHAII is due to deletions in intronic regions of WNK1 or in single amino acid substitutions in WNK4. Because of embryonic lethal- Regulation of blood volume through distal Na ϩ reabsorption and blood vessel constriction. Mild hypovolemia through decreases in the glomerular filtration rate (GFR) results in activation of the reninangiotensin-aldosterone system. Aldosterone, which is released by the adrenal gland, activates ENaC in the collecting duct and through WNK4/SPAK, also activates the Na-Cl cotransporter in the distal convoluted tubule. ANG II activates NCC through SPAK/OSR1, and also affects contractility of blood vessels. Severe hypovolemia (or small rises in plasma osmolarity) leads to the release of arginine vasopressin (AVP or ADH) from the pituitary gland, resulting in the constriction of blood vessels, insertion of water channels in collecting duct epithelial cells, and activation of NCC (blue arrows).
ity, WNK1's role in modulating salt reabsorption could not be assessed in WNK1 genetically modified animals. Three of the four PHA type II-linked mutations in WNK4 are found in a highly conserved negatively charged region downstream of the catalytic domain. In contrast, the role of WNK4 has been studied using different genetically modified mouse models. First, transgenic mice carrying two wildtype and two Q562E (PHAII) copies of WNK4 demonstrated a PHAII phenotype characterized by high blood pressure, hyperkalemia, hyperchloremia, hypercaliuria, and metabolic acidosis (151) . Genetic engineering of a WNK4 D561A/ϩ knock-in mouse also resulted in hypertension, hyperkalemia, and metabolic acidosis (208, 328) . A significant increase in the phosphorylation of OSR1, SPAK, and NCC was observed in this mouse, indicating enhanced salt reabsorption. In a third study, Uchida and co-workers (208) generated a WNK4 hypomorphic mouse by deleting exon 7 through CRE recombination. As expected, reduced expression of wild-type WNK4 resulted in a significant reduction in the phosphorylation of SPAK/OSR1 and NCC. Physiologically, these mice exhibit low blood pressure with increased Na ϩ and K ϩ excretion without hypokalemia or metabolic alkalosis when maintained on a low salt diet (208) . The resulting increase in Na ϩ delivery to the collecting duct might explain the increased K ϩ secretion; however, it is unclear why the blood K ϩ levels remained constant. The observed decreases in SPAK/OSR1 and NCC phosphorylation in these mice were consistent with the WNK4-SPAK/OSR1-NCC signaling pathway demonstrated in previous in vitro or heterologous expression studies (190, 240) . Phosphorylation occurs on several threonine residues that are conserved among the Na ϩ -dependent branch of cationchloride cotransporters (94, 109, 213, 239) . The fourth mouse model generated was a straight WNK4 knockout mouse (33) . As anticipated from the data obtained with the PHAII-WNK4 mice, WNK4 null mice developed mild hypokalemia, hypochloremia, metabolic alkalosis, and hypomagnesemia. However, Ca 2ϩ excretion was unchanged, and there was no significant blood pressure phenotype. (33) . The increased NCC function observed in both the transgenic PHAII mouse and the WNK4 D561A/ϩ knock-in mouse was accompanied by an increased transporter density on the apical membrane. The precise mechanism by which SPAK/OSR1 phosphorylation of NCC affects its activity is still unknown. In addition, the mechanism by which WNK4 D561A/ϩ increases phosphorylation of SPAK/OSR1 is also unclear, but the observed phenotype of the knock-in shares many clinical features with PHA type II patients. One possibility is that the regulatory domain of the mutant WNK4 (D561A) might have a dominant-negative effect on wild-type WNK4; thus PHA type II mutations would negate this inhibition and result in stimulation of the WNK-SPAK-NCC signaling cascade. Alternatively, WNK4 could bind to NCC and affects its trafficking (250) in a manner similar to Nedd-4 affecting the trafficking of ENaC (136, 336) . In this scenario, PHA type II mutations would disrupt the WNK4-NCC interaction, allow for increased surface expression, and release WNK4 protein to now interact with the Ste20-related kinase.
Experiments performed in Xenopus laevis oocytes have shown that the WNK4 inhibition of NCC function is reversed by angiotensin II (ANG II), a SGK phosphorylationindependent mechanism (250) . The use of a catalytically inactive SPAK (K104R) or a mutant form of NCC lacking a SPAK binding motif confirmed that the ANG II reversal of NCC inhibition by WNK was mediated by SPAK. The two possible mechanisms of WNK4 on NCC (see above) suggest that when WNK4 is inactive, it interacts with NCC directly and negatively affects its function. Alternatively, when activated by ANG II, WNK4 activates SPAK, which in turn phosphorylates and activates NCC (see FIGURE 15) . The effect of ANG II on NCC phosphorylation, verified in mpkDCT cells, was transient and not mediated by aldosterone (250, 275) . In contrast, in vivo infusion of eplerenone, an aldosterone receptor blocker, inhibited the long-term effect of ANG II on NCC phosphorylation (275) . A detailed study using adrenalectomized rats treated with aldosterone or ANG II at low and high concentrations confirmed that both aldosterone and ANG II activate NCC through distinct signaling pathways (292) . Under ANG II treatment, the increased phosphorylation was seen on NCC residue T53, whereas under aldosterone treatment, it was on residue T58. These data indicate either that separate kinases are involved in phosphorylation of T53 and T58, or that SPAK distinguishes between these residues and phosphorylates them distinctly, depending on specific signaling cascades. The complex signaling pathways involving WNK/SPAK/ OSR1 kinases under high ANG II and/or aldosterone states and their effects on the DCT and CD are nicely discussed in relationship to Na ϩ and K ϩ handling in different clinical situations in a review by Arroyo and Gamba (10) .
Experiments published in 2008 demonstrated that dietary salts (through aldosterone) affected phosphorylation of SPAK and OSR1 and the Na-Cl cotransporter (38) . As anticipated, based on our knowledge of kidney physiology, a low-Na ϩ diet significantly increased phosphorylation of SPAK and OSR1, whereas a high-Na ϩ diet resulted in decreased phosphorylation of the kinases. Note that whole kidney lysates were used to assess these phosphorylation levels. The increased phosphorylation levels in the WNK4 D561A/ϩ knock-in mice were, however, insensitive to dietary salt. Abundance and phosphorylation of NCC was also increased in wild-type mice maintained on a low-Na ϩ diet, and elevated (but unregulated) by salts in WNK4 D561A/ϩ knock-in mice. The mice fed with a high-Na ϩ diet demonstrated low aldosterone and were therefore infused with aldosterone to correct the hormone imbalance. In this condition, the levels of SPAK, OSR1, and NCC function were increased. These data confirm that the salt effect is through the mineralocorticoid hormone.
In addition to aldosterone and ANG II, AVP is also known to regulate salt retention. AVP is best known for triggering apical membrane insertion of aquaporin-2 in CD epithelial cells facilitating water retention (79) . Chronic AVP exposure increases Na ϩ uptake through NKCC2 (144, 145) , NCC (192, 218) , and ENaC (69) . Using phosphospecific antibodies, Fenton and co-workers demonstrated exclusive staining of phosphorylated NCC at the apical membrane of DCT cells. Acute and chronic treatment of AVP-deficient Brattleboro rats with the V 2 receptor-selective vasopressin analog (dAVP) increased the level of phosphorylated NCC two-to threefold at the apical membrane with no increase in total NCC expression or alteration in the distribution in the DCT. Consistent with other studies, an increased level of NCC phosphorylation was mirrored by increased phosphorylation of SPAK/OSR1 following dAVP treatment (see FIGURE 15) (218) .
Renal sodium reabsorption is also known to be regulated by insulin infusion (54, 281). Uchida and co-workers (261) stimulated mpkDCT cells with insulin and observed a significant dose-dependent increase in both SPAK and NCC phosphorylation. Following intraperitoneal injection of insulin, C57BL/6 mice, maintained on a normal-salt diet, exhibited an increase in phosphorylation of SPAK/OSR1 and NCC; however, the stimulatory effect of insulin was enhanced in these same mice maintained under a high-salt diet (261) . Confirmation that insulin was phosphorylating NCC through the WNK4-SPAK signaling cascade was demonstrated by suppression of the insulin effect using siRNA knockdown of WNK4 or SPAK in mpkDCT cells, as well as SPAK knockout mice and WNK4 hypomorphic mice (261) .
Work discussed thus far has demonstrated that SPAK and possibly OSR1 are intermediates between WNK kinases and NCC function. As WNK1, WNK4, and NCC are involved in the control of blood pressure, it seems legitimate to assume that SPAK is also key to blood pressure regulation.
A) GENOME-WIDE ASSOCIATION STUDIES. An Amish Family Diabetes Study that provided a strong genetic association between hypertension and the STK39 gene indicates that SPAK is involved in modulating blood pressure (304) . The association was replicated in another Amish and four nonAmish Caucasian cohort studies, reaching a significance level (P Ͻ 10
Ϫ6
) in all five studies (n ϭ 7,125). Among the five polymorphisms that were identified within the associated region of the STK39 gene, rs35929607 A/G variants demonstrated an effect in a luciferase reporter gene assay. The rs35929607 A/G polymorphism was also genotyped in two cohorts of Swedish patients. After stratification for gender, only female carriers of the G-allele exhibited higher systolic and diastolic blood pressure in the cardiovascular cohort (5,634 patients) of the Malmo Diet and Cancercardiovascular arm (MDC-CVA) study but not the Malmo Preventive Project (MPP) (77) . Although a statistically significant association was not observed in the MPP cohort, when the data were stratified by gender, again female carriers of the G-allele had a higher prevalence of hypertension. Conversely, the gender differences in Swedish and Chinese cohorts are opposite, as association between two SNPs in the STK39 gene and hypertension was only observed in Han Chinese males but not females (35) . Note that no association between blood pressure and risk variants in STK39 (rs6749447, rs3754777, rs35929607) was found in 1,372 members from 247 British-Caucasian families (44) . As SPAK is a regulator of NCC, we can assume that the STK39 association with high blood pressure is related to NCC function. Unfortunately, no association was found between a large number of SNPs located within the STK39 gene and individuals with good versus poor responses to hydrochlorothiazide treatment (66) . In a recent genomewide association study of African Americans, none of the STK39 SNPs examined was associated with the systolic and diastolic blood pressure phenotypes that were previously reported in other populations (143) . Therefore, in the absence of a clear mechanistic relationship between specific STK39 variants and SPAK targets that influence blood pressure, these genome-wide association studies have to be very cautiously interpreted. B) GENETICALLY MODIFIED SPAK MICE. A second indication that SPAK is involved in modulating blood pressure comes from SPAK knockout (182, 327) and SPAK T243A knock-in mice (231) . Indeed, absence of SPAK expression in the DCT leads to a phenotype that is similar to Gitelman's syndrome, i.e., hypotension with mild hypokalemia, hypomagnesemia, hypocalciuria, and secondary hypoaldosteronism. Some differences exist between SPAK knockout mice generated by two different groups (182, 327) . While blood pressure differences were observed under a normal diet in one model (327) , it was only under dietary NaCl restriction that hypotension was observed in the other model (182) . There were also significant differences between the blood aldosterone levels between wild-type and SPAK knockout mice in the two studies. Indeed, Lin and co-workers (327) demonstrated a significant increase in plasma aldosterone, whereas Ellison and co-workers (182) observed no changes in aldosterone levels. While Lin and co-workers did not report renin levels, these levels were shown to be elevated in the McCormick study. While a trend towards hypokalemia was observed in both models, this trend was clearly exacerbated under dietary salt restriction. A much different observation was made with NCC knockout mice which maintained their blood K ϩ levels under both normal diet and dietary salt restriction (252) . Finally, the SPAK (T243A) knock-in mouse exhibited a significant decrease in blood pressure with no changes in plasma aldosterone or K ϩ levels when fed a normal-salt diet. Relative hypokalemia was only observed in these mice after Na ϩ restriction (231) . As anticipated for a Gitelman-like phenotype, along with a reduc-tion in total NCC expression, phosphorylation of NCC was greatly reduced in SPAK knockout mice (50% reduction on T53 and 75% reduction on T58; Ref. 327 ). An interesting difference between the SPAK knockout mouse and the SPAK (T243A) knock-in mouse revolves around the phosphorylation status of NKCC2 in the TAL. Indeed, as briefly discussed in the TAL section, there is published evidence from two distinct groups showing increased phosphorylation of NKCC2 in SPAK knockout mice (182, 327) , whereas the phosphorylation state of the cotransporter remained unchanged in the SPAK (T243A) knock-in mice. As the major difference between these two animal models is the presence (knock-in) or absence (knockout) of protein, and Western blot analysis of the SPAK knock-in mouse revealed expression of small SPAK fragments in kidney medulla, it was postulated that SPAK might negatively regulate OSR1 function in this kidney segment (182) . This view is consistent with the primary role of OSR1 in this segment, as demonstrated by the phenotype of the kidney-specific OSR1 knockout mouse, and the fact that the small "inhibitory" SPAK fragments would be present in the knock-in, but absent in the knockout. Differential levels of NKCC2 phosphorylation might explain the difference in Ca 2ϩ excretion between the knockout and knock-in animal models.
While there were no noticeable differences in the appearance of DCT cells in the SPAK (T243A) knock-in mice (231), a significant loss in DCT mass was observed in the SPAK knockout mouse (182) . This loss of mass might explain the reduction in total NCC expression observed in these mice. The difference between the knock-in and knockout mice indicates that the presence of the protein, even if inactive, plays a role in the morphology of the distal convoluted tubule segment. This observation agrees with previous observations that link the function of NCC with hypo-or hypertrophy of the DCT (151) . Indeed, transgenic mice overexpressing wild-type WNK4 (which reduces NCC function) demonstrate a smaller DCT, whereas transgenic mice overexpressing a PHA II mutant of WNK4 (which increases NCC function) exhibit a larger DCT. However, the precise mechanism by which this DCT rearrangement occurs is not yet fully understood.
As discussed previously, administration of furosemide in SPAK Ϫ/Ϫ mice results in significant increases in urine output and fractional excretion of Na ϩ and Cl Ϫ . In order for there to be a significant loop diuretic effect, there must have been intact NKCC2 function (i.e., OSR1 phosphorylation of the cotransporter), supporting the view that SPAK is not the kinase that primarily regulates NKCC2 activity in the TAL (327) . Although it is difficult to assess the relative expression of SPAK and OSR1 in the different kidney segments due to different properties of individual antibodies, it is however possible to compare the expression levels of SPAK in the membrane of the TAL and DCT within one tissue section. Immunofluorescence studies using a rabbit anti-SPAK polyclonal antibody demonstrated modest expression of full-length SPAK in the TAL compared with the DCT, consistent with the DCT-driven phenotype of the SPAK knockout mouse (182) . This observation agrees with the primary role of SPAK in regulating NCC function in the DCT. Thus, in our DCT model (see FIGURE 14) , we propose that SPAK forms domain-swapped dimers that are activated by WNK4, and that SPAK is the major kinase which binds, phosphorylates, and activates NCC. OSR1 is also expressed, although at much lower levels, and might also form heterodimers with SPAK. Alternatively, WNK4 might form a complex with SPAK at the apical membrane cotransporter, instead of shuffling between WNK4 in the cytosol and the cotransporter at the plasma membrane.
F. Role in Cancer Proliferation and Migration
Cancer is characterized by aberrant cell proliferation and migration. The cation-chloride cotransporters have been linked to rapid cell volume changes and maintenance of cell homeostasis (for reviews, see Refs. 2, 98). The functional regulation of these transport proteins involves both serinethreonine kinases and protein phosphatases (for review, see Ref. 99 ). The coordinated effort of cytoskeletal formation and cell volume regulation are responsible for extension and retraction of the lamellipodia of migrating cells (267) . As a result, several studies have linked the expression of different cotransporters and their regulatory kinases to malignant cancers (73, 114, 255, 305 ).
Glioblastomas
Brain tumors that originate from glial cells are primary cancers that are challenging to treat. Unlike other cancers, gliomas do not metastasize through the bloodstream but instead invade and migrate into neighboring brain parenchyma along white matter tracts and blood vessels (108) . To migrate through narrow extracellular spaces, gliomas modify their cell volume by releasing K ϩ and Cl Ϫ with osmotically obligate water (262, 263) . Because of their homeostatic role in cell volume, cation-chloride cotransporters are primary candidates for promoting volume changes associated with cell migration. Multiple K-Cl cotransporter isoforms (1, 3, and 4) have been identified and functionally characterized in a rat glioma cell line (88). Furthermore, inhibition of K-Cl cotransporter activity in these cells completely abrogated regulatory volume decrease (242) . Several studies have also demonstrated an integral role for NKCC1 in glioma cell malignancy (72, 114, 115) . As the activity of cation-chloride cotransporters is tightly regulated by phosphorylation, it would be of interest to know if cotransporter regulatory kinases are also affected in glioblastomas. Comparisons between malignant brain tumors and control samples showed decreased SPAK and WNK2 and increased WNK3 protein expression (113) . A recent study demonstrated that siRNA knockdown of WNK3 in human D54 glioma cells blunted their invasive ability across Transwell barriers, and eliminated bumetanide-sensitive cell migration indicating that WNK3 mediated its effect through the Na-K-2Cl cotransporter (113).
Lymphomas
Dysregulated expression of elements that control tumorpromoting genes in healthy lymphocytes give rise to leukemias and lymphomas. B-cell lymphoma, the most frequent lymphocyte malignancy, is characterized by reciprocal chromosome translocation, DNA hypermethylation, and aberrant histone modifications (29, 41, 149, 256) . In 2009, hypermethylation and repressed SPAK expression levels were found in 〉-cell lymphomas. It was also shown that caspase-dependent apoptosis was impaired when SPAK expression was genetically knocked down, indicating that the loss of SPAK might promote increased cell survival and increased resistance to cancer (14).
Lung cancer
Non-small-cell lung cancers have a 40 -67% 5-year survival rate if caught in the earliest stage of the disease. In a genome-wide analysis of non-small-cell lung tumor tissue performed in patients from Massachusetts General Hospital, and validated in a separate Norwegian cohort, SNPs were investigated for their potential prognostic value of overall survival. Of the 74,666 SNPs analyzed, the most significant SNPs were located within introns of serine/threonine kinase 39 (STK39), protocadherin 7 (PCDH7), ataxin 2-binding protein 1 (A2BP1), and eyes absent homolog 2 (EYA2) (125) . The SNPs from the STK39 gene were identified as rs10176669 and rs4438452 and were both located within intron 1. However, the study did not determine if SPAK expression was different in these genetic variants.
Prostate cancer
Androgens play a critical role in the normal development and physiology of the prostate gland (43, 52) . Transcription factors, proteases, cyclin-dependent kinases, calcium binding proteins, insulin-like growth factor binding proteins, metabolic enzymes, lipid signaling, and ion homeostasis are just some of the androgen-responsive elements identified in human prostate cancer cells (for review, see Ref. 147) . For the purpose of this review, SPAK expression was shown to be significantly increased in a human prostate cancer cell line treated with synthetic androgen R1881 (230) . The Ste20-related kinase was identified as part of a cDNA subtraction screen designed to identify novel androgen-responsive genes. The effects of the synthetic androgen on SPAK were dose-and time-dependent and required both the androgen receptor and protein synthesis. Genistein, a prostate cancer chemopreventive agent, strongly inhibited SPAK gene expression along with the expression of the androgenresponsive prostate-specific antigen (PSA) (274) . Although SPAK expression is modulated by the activity of the androgen receptor, SPAK is not involved in the phosphorylation/ activation of p53, a downstream mediator of androgen/ androgen receptor function (244) . These data indicate that the kinase might have another role than participating in the response to genotoxic stress. Additionally, reduced SPAK mRNA expression in primary prostate tumors was correlated with a higher incidence of metastases after radical prostatectomy (116).
Breast cancer
Although there are hundreds of studies demonstrating involvement of kinase activity in breast cancer, only one very recent study has implicated Ste20-related kinase activity. Fra-1 is a member of the Fos protein family that heterodimerizes with Jun family members to form the activating protein 1, a transcription factor that has many important roles in cell growth and tumorigenesis (254) . High levels of hyperphosphorylated Fra-1 were found in invasive breast cancer cell lines. Chalbos and coworkers (16) demonstrated that stabilization of Fra-1 by serine/threonine phosphorylation involved PKC theta activity through ERK1/2 and SPAK.
VII. QUESTIONS REMAINING TO BE ANSWERED
Although a significant volume of work has accumulated in the 15 years since the discovery of the mammalian Ste20-related kinases, SPAK and OSR1, there still remain many unanswered questions. Several studies have examined the tissue distribution of SPAK/OSR1. In most cases, the expression of these kinases appears to colocalize. Recent studies have demonstrated that SPAK and OSR1 are capable of substituting for each other in the peripheral nervous system (105) . However, despite coexpression in the TAL and DCT, they appear to have distinct regulatory targets in the distal nephron. Although in vitro kinase assays and mass-spec studies have demonstrated phosphorylation of specific threonine and serine residues in the catalytic and regulatory domain, respectively, we know there are other residues that could be phosphorylated and affect SPAK/OSR1 function. The identity of the upstream kinase(s) that target these residues is currently unknown, as are the downstream effects of these phosphorylation events. A recent study from our laboratory demonstrated that phosphorylation of the regulatory domain serine residue in mouse SPAK (S383), necessary for kinase activation, could be "replaced" by coexpression with Cab39. The precise nature of how Cab39 achieves this is still unknown. 
